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(54) Air-fuel ratio control apparatus of internal combustion engine

(57) An air-fuel ratio control apparatus of an internal
combustion engine according to the present invention
is provided with oxygen storage amount estimating
means, downstream exhaust air-fuel ratio detecting
means, maximum oxygen storage amount estimating
means, and air-fuel ratio target setting means. The ox-
ygen storage amount estimating means estimates an
oxygen storage amount of an exhaust purifying catalyst,
based on a history of an oxygen adsorption/desorption
amount of the exhaust purifying catalyst located on an

exhaust path. The downstream exhaust air-fuel ratio de-
tecting means is located downstream of the exhaust pu-
rifying catalyst and detects an exhaust air-fuel ratio
downstream of the exhaust purifying catalyst. The max-
imum oxygen storage amount estimating means esti-
mates a maximum oxygen storage amount, based on
an oxygen storage amount estimate when the exhaust
air-fuel ratio detected is a predetermined air-fuel ratio.
This permits effective utilization of oxygen occlusion ca-
pability of the exhaust purifying catalyst and improve-
ment in exhaust purification performance.
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Description

BACKGROUND OF THE INVENTION

Field of the invention

[0001] The present invention relates to air-fuel ratio control apparatus of internal combustion engine.

Related Background Art

[0002] For purifying exhaust gas from the internal combustion engine, an exhaust purifying catalyst (three-way cat-
alyst) is placed on the exhaust path, an air-fuel ratio sensor is located on the exhaust path to detect the air-fuel ratio
(A/F), and feedback control is implemented so as to control an air-fuel mixture toward the stoichiometric air-fuel ratio,
thereby simultaneously decreasing nitrogen oxides (NOx), carbon monoxide (CO), and hydrocarbons (HC). The puri-
fication efficiency of exhaust gas emitted from the internal combustion engine is further increased effectively by carrying
out the foregoing feedback control with accuracy.

SUMMARY OF THE INVENTION

[0003] The inventors found that further improvement was made in the purification efficiency of NOx, CO, and HC,
noting the oxygen occlusion function of the exhaust purifying catalyst. An object of the present invention is to provide
air-fuel ratio control apparatus of internal combustion engine with superior exhaust purifying characteristics, while ef-
fectively making use of the oxygen occlusion function of the exhaust purifying catalyst.
[0004] The air-fuel ratio control apparatus of the internal combustion engine according to the present invention was
accomplished based on the above finding and comprises oxygen storage amount estimating means, downstream
exhaust air-fuel ratio detecting means, maximum oxygen storage amount estimating means, and air-fuel ratio target
setting means. The oxygen storage amount estimating means estimates an oxygen storage amount of an exhaust
purifying catalyst, based on a history of an oxygen adsorption/desorption amount of the exhaust purifying catalyst
located on an exhaust path. The downstream exhaust air-fuel ratio detecting means is located downstream of the
exhaust purifying catalyst and detects an exhaust air-fuel ratio downstream of the exhaust purifying catalyst. The max-
imum oxygen storage amount estimating means estimates a maximum oxygen storage amount, based on an oxygen
storage amount estimate when the exhaust air-fuel ratio detected is a predetermined air-fuel ratio. This permits effective
utilization of the oxygen occlusion capability of the exhaust purifying catalyst and improvement in the exhaust purifi-
cation performance.
[0005] Further, the apparatus may also be configured to set a target of amount of oxygen occluded in the exhaust
purifying catalyst (oxygen storage amount), to approximately half of a maximum storage amount of oxygen that the
exhaust purifying catalyst can occlude (maximum oxygen storage amount) and control the air-fuel ratio so as to bring
the oxygen storage amount toward this target. In this case, if the maximum oxygen storage amount is a fixed value (or
a corrected value from the fixed value), there will also appear situations that do not always reflect the real maximum
oxygen storage amount and there can also appear circumstances failing to utilize the performance of the exhaust
purifying catalyst at its maximum. Therefore, improvement may be made so as to achieve further advanced purification
characteristics. The inventors also investigated it and invented more preferable apparatus as described below.
[0006] In a preferable aspect, the oxygen storage amount estimating means estimates the oxygen storage amount,
based on a quantity of fuel supplied into a cylinder, which is predicted according to a fuel behavior model taking account
of fuel attaching onto an internal surface of an intake path of the internal combustion engine. In a further preferable
aspect, the apparatus further comprises an upstream air-fuel ratio sensor located upstream of the exhaust purifying
catalyst on the exhaust path, for detecting an exhaust air-fuel ratio upstream of the exhaust purifying catalyst, and the
oxygen storage amount estimating means estimates the oxygen storage amount in consideration of a response delay
of the upstream air-fuel ratio sensor.
[0007] In another preferable aspect, the oxygen storage amount estimating means estimates the oxygen storage
amount, based on a passing gas flow rate of gas passing through the exhaust purifying catalyst. In still another pref-
erable aspect, the oxygen storage amount estimating means estimates the oxygen storage amount, based on the
magnitude of change of the air-fuel ratio of the internal combustion engine.
[0008] In a further preferable aspect, the maximum oxygen storage amount estimating means further corrects the
maximum oxygen storage amount estimated, based on a passing gas flow rate of gas passing through the exhaust
purifying catalyst. In another preferable aspect, the maximum oxygen storage amount estimating means further corrects
the maximum oxygen storage amount estimated, based on the magnitude of change of the controlled air-fuel ratio.
[0009] In a further preferable aspect, the oxygen storage amount estimating means estimates the oxygen storage
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amount, based on composition of exhaust gas flowing into the exhaust purifying catalyst, which is predicted according
to a combustion model. In a more preferable aspect herein, the combustion model is modified based on quality of fuel.
In another more preferable aspect, the combustion model is modified according to an operational state of the internal
combustion engine.
[0010] In another preferable aspect, a result of detection by the downstream exhaust air-fuel ratio detecting means
is corrected based on the composition of exhaust gas flowing into the exhaust purifying catalyst. In a more preferable
aspect herein, the composition of the exhaust gas is predicted according to a combustion model.
[0011] In another preferable aspect, the apparatus further comprises abnormality determining means for determining
whether the oxygen storage amount estimated is abnormal, based on the oxygen storage amount estimated and the
downstream exhaust air-fuel ratio detected. In a more preferable aspect herein, when determining that the oxygen
storage amount estimated is abnormal, the abnormality determining means deletes the old history of the oxygen storage
amount and initiates new estimation of the oxygen storage amount. In a further more preferable aspect, when deter-
mining that the oxygen storage amount estimated is abnormal, the abnormality determining means modifies an oxygen
occlusion amount estimation model.
[0012] In another preferable aspect, the apparatus further comprises abnormality determining means for determining
that the maximum oxygen storage amount estimated is abnormal, when the maximum oxygen storage amount esti-
mated by the maximum oxygen storage amount estimating means exceeds a predetermined value.
[0013] In another preferable aspect, the apparatus further comprises catalyst deterioration detecting means for de-
tecting a degree of deterioration of the exhaust purifying catalyst, based on a change slope of the exhaust air-fuel ratio
detected by the downstream exhaust air-fuel ratio detecting means.
[0014] In another preferable aspect, a blow-by occurrence oxygen storage amount, at which a blow-by phenomenon
not utilizing the oxygen occlusion capability of the exhaust purifying catalyst fully occurs, is preliminarily set and the
oxygen storage amount is calibrated based on the blow-by occurrence oxygen storage amount upon occurrence of
the blow-by phenomenon.
[0015] In another preferable aspect, the apparatus further comprises storage amount target setting means for setting
an oxygen storage amount target, based on the maximum oxygen storage estimate estimated, and the storage amount
target setting means applies forced oscillation to the oxygen storage amount target.
[0016] In another preferable aspect, the air-fuel ratio target setting means sets the target so as to gradually increase
the amplitude of the controlled air-fuel ratio. In another preferable aspect, the air-fuel ratio target setting means sets
the target so as to gradually prolong the cycle of the controlled air-fuel ratio.
[0017] In another preferable aspect, the apparatus further comprises storage amount target setting means for setting
an oxygen storage amount target, and the storage amount target setting means sets a plurality of targets between a
minimum and a maximum of the oxygen storage amount and sets a control target by switching among the targets.
[0018] In another preferable aspect, the air-fuel ratio target setting means sets the target of the controlled air-fuel
ratio in a lean region immediately after cold starting or during low-load operation of the internal combustion engine. In
another preferable aspect, the air-fuel ratio target setting means sets the target of the controlled air-fuel ratio in a rich
region during high-load operation of the internal combustion engine. In still another preferable aspect, the air-fuel ratio
target setting means sets an operation period of. setting the target of the controlled air-fuel ratio in a rich region, before
execution of cutting fuel into the internal combustion engine or before a stop of the internal combustion engine.
[0019] In another preferable aspect, the air-fuel ratio target setting means sets a gain of air-fuel ratio feedback control,
based on the oxygen storage amount estimated by the oxygen storage amount estimating means or based on the
maximum oxygen storage amount estimated by the maximum oxygen storage amount estimating means.
[0020] In a further preferable aspect, the apparatus further comprises catalyst deterioration detecting means for
detecting deterioration of the exhaust purifying catalyst, based on output of the downstream exhaust air-fuel ratio
detecting means provided when the controlled air-fuel ratio is controlled so that the oxygen adsorption/desorption
amount goes into a range of an instantaneously occludable oxygen amount or instantaneously releasable oxygen
amount in a nondeteriorated state of the exhaust purifying catalyst.
[0021] The present invention will be more fully understood from the detailed description given hereinbelow and the
accompanying drawings, which are given by way of illustration only and are not to be considered as limiting the present
invention.
[0022] Further scope of applicability of the present invention will become apparent from the detailed description given
hereinafter. However, it should be understood that the detailed description and specific examples, while indicating
preferred embodiments of the invention, are given by way of illustration only, since various changes and modifications
within the spirit and scope of the invention will be apparent to those skilled in the art from this detailed description.

BRIEF DESCRIPTION OF THE DRAWINGS

[0023] Fig. 1 is a cross-sectional view showing an internal combustion engine having an embodiment of the control



EP 1 167 726 A2

5

10

15

20

25

30

35

40

45

50

55

4

apparatus of the present invention.
[0024] Fig. 2 is a timing chart showing change states of the oxygen storage amount O2SUM of the exhaust purifying
catalyst, target thereof O2SUMref, and output of a downstream air-fuel ratio sensor.
[0025] Fig. 3 is a flowchart of update control of the oxygen storage amount O2SUM.
[0026] Fig. 4 is a flowchart showing update control of the maximum O2SUMmax and minimum O2SUMmin of the
oxygen storage amount O2SUM.
[0027] Fig. 5 is a flowchart showing update control of the target O2SUMref of the oxygen storage amount O2SUM
and calculation of a correction factor KAF of injected fuel quantity.
[0028] Fig. 6 is a map used for determination of deterioration of the exhaust purifying catalyst.
[0029] Fig. 7 is a graph showing predicted A/F value (1).
[0030] Fig. 8 is a graph showing predicted output value (2) and predicted A/F value (1).
[0031] Fig. 9 is a graph showing detection error component (3), predicted output value (2), and predicted A/F value (1).
[0032] Fig. 10 is a graph showing exhaust A/F (4).
[0033] Fig. 11 is a graph showing corrected A/F (5), exhaust A/F (4), detection error component (3), and predicted
A/F value (1).
[0034] Fig. 12 is a flowchart of control based on the corrected A/F (5), exhaust A/F (4), detection error component
(3), predicted output value (2), and predicted A/F value (1).
[0035] Fig. 13 is a map showing the relation between passing gas flow rate Gb and correction factor Kg.
[0036] Fig. 14 is a map showing the relation between A/F change range nAF and correction factor Ka.
[0037] Fig. 15A is a map showing the relation between passing gas flow rate Gb and correction factor Kg(max).
[0038] Fig. 15B is a map showing the relation between passing gas flow rate Gb and correction factor Kg(min).
[0039] Fig. 16A is a map showing the relation between A/F change range nAF and correction factor Ka(max).
[0040] Fig. 16B is a map showing the relation between A/F change range ∆AF and correction factor Ka(min).
[0041] Fig. 17 is a graph showing the relation between actual exhaust A/F and output (voltage) of A/F sensor.
[0042] Fig. 18 is a map for A/F control and detection of abnormality based on the relation between oxygen storage
amount O2SUM and output of the downstream A/F sensor.
[0043] Fig. 19 is a map for detection of abnormality based on the relation between catalyst temperature and maximum
oxygen storage amount.
[0044] Fig. 20A is a graph showing temporal change in the A/F sensor output and exhaust A/F, which shows change
in the output of the downstream A/F sensor.
[0045] Fig. 20B is a graph showing temporal change in the A/F sensor output and exhaust A/F, which shows change
in the exhaust A/F on the upstream side of the exhaust purifying catalyst.
[0046] Fig. 21 is a map showing the relation between degree of deterioration of the catalyst and difference between
output values of the downstream A/F sensor 26.
[0047] Fig. 22 is a map showing the relation between intake air flow Ga and blow-by occurrence oxygen storage
amount.
[0048] Fig. 23 is a timing chart showing change states of the oxygen storage amount O2SUM of the exhaust purifying
catalyst and control targets O2SUMref1, O2SUMref2.
[0049] Fig. 24A is a graph showing the relation between oxygen storage amount O2SUM (and maximum thereof
O2SUMmax) and instantaneously occludable oxygen amount Cmax.
[0050] Fig. 24B is a graph showing the relation between oxygen storage amount O2SUM (and minimum thereof
O2SUMmin) and instantaneously releasable oxygen amount Cmin.

DESCRIPTION OF THE PREFERRED EMBODIMENTS

[0051] Prior to the detailed description of each embodiment, the oxygen occlusion function of exhaust purifying cat-
alyst will be described briefly.
[0052] In each of the embodiments described below, as shown in Fig. 1, an exhaust purifying catalyst 19 is located
on an exhaust path 7. In some types of cars a plurality of exhaust purifying catalysts are provided upstream and
downstream on the exhaust path. Cars equipped with a multi-cylinder engine are sometimes provided with exhaust
purifying catalysts located upstream of the position where exhaust pipes from respective cylinders are combined into
one. For example, for an engine with four cylinders, an exhaust purifying catalyst is located at the position where
exhaust pipes of two cylinders out of the four cylinders are combined into one and another exhaust purifying catalyst
is located at the position where exhaust pipes of the two rest cylinders are combined into one. In the present embod-
iment, one exhaust purifying catalyst 19 is provided downstream of the position where the exhaust pipes of the respec-
tive cylinders 3 are combined into one.
[0053] In each of the following embodiments the exhaust purifying catalyst 19 is a three way catalyst having the
oxygen occlusion function. This three way catalyst contains the component of ceria (CeO2) and so on. For the sake
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of these component, it can occlude (adsorb) oxygen from the exhaust gas, and also can release oxygen into the exhaust
gas.
[0054] This function of the three-way catalyst is the function of adsorbing and retaining excess oxygen existing in
the exhaust gas at lean air-fuel ratios but releasing the thus adsorbed and retained oxygen at rich air-fuel ratios. During
lean mixture periods the catalyst adsorbs excess oxygen to reduce nitrogen oxides NOx; whereas during rich mixture
periods the oxygen adsorbed in the catalyst is released to oxidize CO and HC. In consequence, NOx, CO, and HC all
are purified.
[0055] At this time, as described previously, if the three way catalyst occludes oxygen up to the limit of its oxygen
occlusion capacity, it will be unable to occlude any more oxygen when the exhaust A/F turns lean, and the catalyst will
fail to satisfactorily purify NOx in the exhaust gas. On the other hand, if the three-way catalyst completely releases
oxygen so as to store no oxygen at all, it will be unable to release any more oxygen when the exhaust A/F turns rich,
and it will fail to satisfactorily purify CO and HC in the exhaust gas. For this reason, it is preferable to maintain the
oxygen storage amount ready for either lean or rich exhaust A/Fs.
[0056] In order to maintain the oxygen storage amount of the three way catalyst in a preferred range, it is necessary
to accurately keep track of the storage amount of oxygen occluded in the three way catalyst. The oxygen storage
amount is determined by gaining amounts of oxygen occluded and released based on the A/Fs and integrating the
occluded amount and released amount. Namely, for accurately calculating the oxygen storage amount, it is necessary
to obtain A/Fs accurately. It is also needless to mention that accurate A/F feedback control can also be performed with
acquisition of accurate A/Fs.
[0057] Each of embodiments of A/F control apparatus according to the present invention will be described below
and it is noted that the basic structure of A/F control apparatus and the fundamentals of control thereof are common
to the embodiments. Fig. 1 shows an internal combustion engine equipped with an A/F control apparatus having this
basic structure.
[0058] The control apparatus of the present embodiment controls the engine (internal combustion engine) 1. The
engine 1 generates driving force by igniting the air-fuel mixture gas in each cylinder 3 by an ignition plug 2, as shown
in Fig. 1. During combustion in the engine 1, air charged from the outside is guided through an intake path 4, and mixed
with fuel injected from injector 5. Then air-fuel mixture gas is charged into each cylinder 3. An intake valve 6 opens or
closes between the interior of each cylinder 3 and the intake path 4. The mixture after burnt inside each cylinder 3 is
discharged as exhaust gas into the exhaust path 7. An exhaust valve 8 opens or closes between the interior of each
cylinder 3 and the exhaust path 7.
[0059] A quantity of fuel contributing to combustion as supplied into each cylinder 3 does not always coincide with
a quantity of fuel injected from the injector 5. Major factors of this discord include attachment of fuel onto the internal
walls of cylinders 3 and intake ports or detachment from these internal walls. Namely, part of the fuel injected attaches
onto the internal walls of the cylinders 3 and intake ports, and this attaching fuel is not burnt. On the other hand, the
fuel having attached on the internal walls of the cylinders 3 and intake ports is peeled off therefrom and burnt on certain
occasions.
[0060] A throttle valve 9 for controlling the intake air volume charged into the cylinders 3 is provided on the intake
path 4. A throttle position sensor 10 for detecting a throttle angle of the throttle valve 9 is connected to the throttle valve
9. An air bypass valve 12 for adjusting the intake air volume of air supplied through a bypass line 11 into the cylinders
3 during idling (in a fully closed state of the throttle valve 9) is also provided on the intake path 4. Further, an air flow
meter 13 for detecting the intake air flow is also mounted on the intake path 4.
[0061] A crank position sensor 14 for detecting the position of the crank shaft is mounted in the vicinity of the crank
shaft of the engine 1. It is also feasible to determine the position of piston 15 in each cylinder 3 and the engine speed
NE from output of the crank position sensor 14. The engine 1 is also provided with a knock sensor 16 for detecting
knocking of the engine 1 and a water temperature sensor 17 for detecting the temperature of cooling water.
[0062] These ignition plugs 2, injectors 5, throttle position sensor 10, air bypass valve 12, air flow meter 13, crank
position sensor 14, knock sensor 16, water temperature sensor 17, and other sensors are connected to an electronic
control unit (ECU) 18 for totally controlling the engine 1, and are controlled based on signals from the ECU 18, or send
their detection result to the ECU 18. Also connected to the ECU 18 are a catalyst temperature sensor 21 for measuring
the temperature of the exhaust purifying catalyst 19 disposed on the exhaust path 7 and a purge control valve 24 for
purging evaporative fuel from the interior of the fuel tank, collected by a charcoal canister 23, onto the intake path 4.
[0063] Also connected to the ECU 18 are an upstream A/F sensor 25 mounted upstream of the exhaust purifying
catalyst 19 and a downstream A/F sensor 26 mounted downstream of the catalyst 19. The upstream A/F sensor 25 is
a linear A/F sensor for linearly detecting the exhaust A/F from the oxygen content in the exhaust gas at the mount
position. The downstream A/F sensor 26 is an oxygen sensor for detecting the exhaust A/F on an on-off basis from
the oxygen content in the exhaust gas at the mount position. Since these A/F sensors 25, 26 cannot perform accurate
detection below a predetermined temperature (activation temperature), they are heated by electrical power supplied
from the ECU 18 so as to increase the temperature thereof to the activation temperature in the early stage.
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[0064] The ECU 18 incorporates a CPU for execution of arithmetics, RAM(s) for saving various information contents
such as results of arithmetics and others, backup RAM(s) contents of which are retained by a battery, ROM(s) for
storing respective control programs, and so on. The ECU 18 controls the engine 1, based on A/F, and calculates the
storage amount of oxygen occluded in the exhaust purifying catalyst 19. The ECU 18 also calculates the injection
quantity of fuel injected from the injectors 5 and determines deterioration of the exhaust purifying catalyst 19 from the
history of oxygen storage amount. Namely, the ECU 18 controls the engine 1, e.g., based on the exhaust A/F detected
and the oxygen storage amount calculated.
[0065] The fundamental control will be described below as to the feedback control of maintaining the oxygen storage
amount of the exhaust purifying catalyst 19 at favorable values and the deterioration detection control of the exhaust
purifying catalyst 19 with use of the history of oxygen adsorption/desorption amounts by the A/F control apparatus
described above.
[0066] After the description of the fundamental control described below, each control in each embodiment will be
detailed. But it is noted that each control may be slightly different from the fundamental control described below. The
control of oxygen storage amount described herein will be explained as a foundation of these. Portions different from
this foundation control in each control example of each embodiment will be described in detail in description of each
control example. For facilitating the description, an example of temporal changes in respective controlled variables in
this fundamental control is presented in Fig. 2.
[0067] The oxygen storage amount O2SUM is obtained by estimating an oxygen A/D (adsorption/desorption) amount
O2AD of the exhaust purifying catalyst 19 from the exhaust air-fuel ratio AF upstream of the exhaust purifying catalyst
19, detected by the upstream A/F sensor 25, and integrating it (i.e., by using the history). Let us assume here that the
exhaust purifying catalyst 19 occludes oxygen during periods of the oxygen A/D amount O2AD being positive but the
exhaust purifying catalyst 19 releases oxygen during periods of the oxygen A/D amount O2AD being negative. First,
the calculation of the oxygen storage amount O2SUM will be described on the basis of the flowchart shown in Fig. 3.
[0068] In this case, the oxygen storage amount O2SUM is calculated with respect to a datum point (O2SUM = 0) at
a certain point of time (e.g., at the time of activation of ignition). Namely, the oxygen storage amount O2SUM increases
during occlusion of oxygen into the exhaust purifying catalyst 19, but decreases during release thereof.
[0069] First, the exhaust A/F AF of input gas into the exhaust purifying catalyst 19 is detected by the upstream A/F
sensor 25. The intake air flow Ga is also detected by the air flow meter 13. The oxygen A/D amount O2AD of oxygen
occluded into or released from the exhaust purifying catalyst 19 is calculated from these intake air flow Ga and exhaust
A/F AF, injected fuel quantity, and so on (step 100). This oxygen A/D amount O2AD can be obtained using a map in
the ECU 18 or calculated using a calculation formula saved in the ECU 18.
[0070] After step 100, it is determined whether a lean flag Xlean of downstream exhaust A/F is on and whether the
oxygen A/D amount O2AD calculated is positive (step 110). The lean flag Xlean and rich flag Xrich of the downstream
exhaust A/F will be detailed later, but it is noted here that the lean flag Xlean is on with the downstream exhaust A/F
being lean, while the rich flag Xrich is on with the downstream exhaust A/F being rich.
[0071] In step 110, when the lean flag Xlean of the downstream exhaust A/F is on, it is meant that the exhaust A/F
of output gas from the exhaust purifying catalyst 19 is lean and the oxygen amount is surplus. When the oxygen A/D
amount O2AD is positive, the present status can be said to be that the input gas into the exhaust purifying catalyst 19
contains oxygen that can be occluded (hereinafter referred to as occludable oxygen). Accordingly, when step 110 ends
up with yes, though the input gas into the exhaust purifying catalyst 19 contains occludable oxygen, the exhaust puri-
fying catalyst 19 is in a state in which it has already occluded oxygen to the limit and is able to occlude no more oxygen.
[0072] For this reason, when step 110 ends up with yes, this routine is immediately terminated, without updating the
oxygen storage amount O2SUM of the exhaust purifying catalyst 19. If the oxygen storage amount O2SUM were
updated in spite of yes in step 110, it would be assumed that the catalyst occluded oxygen that it was actually unable
to occlude. Therefore, the update of the oxygen storage amount O2SUM is inhibited. When step 110 ends up with no,
it is then determined whether the rich flag Xrich of the downstream exhaust A/F is on and whether the oxygen A/D
amount O2AD calculated is negative (step 120).
[0073] The status wherein the rich flag Xrich of the downstream exhaust A/F is on, means that the exhaust A/F of
output gas from the exhaust purifying catalyst 19 is rich and the oxygen amount is insufficient. With the oxygen A/D
amount O2AD being negative, it can be mentioned that the system is in such a state that the exhaust A/F of input gas
into the exhaust purifying catalyst 19 is rich and that the exhaust gas is to be purified by releasing oxygen occluded in
the exhaust purifying catalyst 19. Accordingly, when step 120 ends up with yes, though the input gas into the exhaust
purifying catalyst 19 is in the state to be purified by oxygen released from the exhaust purifying catalyst 19, the exhaust
purifying catalyst 19 is in a state in which it has already released all oxygen up and is unable to release any more oxygen.
[0074] For this reason, when step 120 ends up with yes, the oxygen storage amount O2SUM of the exhaust purifying
catalyst 19 is not updated further more. If the oxygen storage amount O2SUM were updated with yes in step 120, it
would be assumed that the catalyst released oxygen that it was actually unable to release. Therefore, the update of
the oxygen storage amount O2SUM is inhibited in this way. When step 120 also ends up with no, the exhaust purifying
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catalyst 19 is neither in the state wherein it has already occluded oxygen fully in spite of the existence of occludable
oxygen in the input gas nor in the state wherein it has already released oxygen fully in spite of the necessity for release
of oxygen as described above. Therefore, the oxygen storage amount O2SUM is updated using the oxygen A/D amount
O2AD calculated (step 130).
[0075] By updating the oxygen storage amount O2SUM, using the oxygen A/D amount O2AD in this way (while the
update is inhibited with yes in step 110 or in step 120), it is feasible to always estimate the amount of oxygen occluded
in the exhaust purifying catalyst 19 accurately. The history of the oxygen storage amount O2SUM created in this way
is illustrated in the upper part of the timing chart of Fig. 2. The oxygen storage amount O2SUM thus sequentially
updated is saved in the ECU 18.
[0076] Next, calculation of maximum O2SUMmax and minimum O2SUMmin of the oxygen storage amount O2SUM
will be described on the basis of the flowchart shown in Fig. 4.
[0077] Since the oxygen storage amount O2SUM is based on the datum point at a certain point of time as described
above, the maximum O2SUMmax and minimum O2SUMmin are also based on the datum point at this point of time in
the present embodiment. At the point of time when the datum point (O2SUM = 0) of the oxygen storage amount O2SUM
is defined, O2SUMmax = 0 and O2SUMmin = 0.
[0078] First, as shown in the lower part in the timing chart of Fig. 2, it is determined whether the output voltage VO2
of the downstream A/F sensor 25 is less than a preset lean threshold Vlean (specifically; 0.3 V in this example) (step
200). When the output voltage VO2 is less than the lean threshold Vlean, the exhaust purifying catalyst 19 has already
occluded oxygen up to the limit of oxygen occlusion capacity and is thus considered to be in a state in which it cannot
occlude any more oxygen. For this reason, when step 200 ends up with yes, it is assumed that the oxygen storage
amount O2SUM has reached the upper limit and the oxygen storage amount O2SUM at that time is saved as the
maximum O2SUMmax in the ECU 18. As for the flags indicating the states of the downstream exhaust A/F of the
exhaust purifying catalyst 19, the lean flag Xlean is set to on and the rich flag Xrich to off (step 210).
[0079] When step 200 ends up with no, it is determined whether the output voltage VO2 of the downstream A/F
sensor 25 is over a preset rich threshold Vrich (specifically, 0.7 V herein) (step 220). When the output voltage VO2 is
over the rich threshold Vrich, the exhaust purifying catalyst 19 stores no oxygen and is considered to be in a state in
which it cannot release any more oxygen. For this reason, when step 220 ends up with yes, it is assumed that the
oxygen storage amount O2SUM has reached the lower limit and the oxygen storage amount O2SUM at that time is
saved as the minimum O2SUMmin in the ECU 18. As for the flags indicating the states of the downstream exhaust A/
F of the exhaust purifying catalyst 19, the lean flag Xlean is set to off and the rich flag Xrich to on (step 230).
[0080] When step 220 ends up with no, the output voltage VO2 of the downstream A/F sensor 25 is between the
lean threshold Vlean and the rich threshold Vrich (Vlean % VO2 % Vrich) and thus the exhaust A/F of output gas from
the exhaust purifying catalyst 19 can be regarded as neither lean nor rich and as near the stoichiometric air-fuel ratio.
In this case, the lean flag Xlean and rich flag Xrich are set both to off (step 240).
[0081] As described above, the history of oxygen storage amount O2SUM is sequentially updated and the maximum
O2SUMmax and minimum O2SUMmin are updated based on this history and the output of the downstream A/F sensor
25. Therefore, the maximum oxygen amount that the exhaust purifying catalyst 19 can occlude (maximum oxygen
storage amount) can be obtained by calculating the difference (O2SUMmax-O2SUMmin) between the maximum
O2SUMmax and the minimum O2SUMmin. The maximum oxygen storage amount (O2SUMmax-O2SUMmin) of the
exhaust purifying catalyst 19 varies depending upon the temperature of the exhaust purifying catalyst 19 and other
factors, but it is always maintained at optimum, because the maximum O2SUMmax and minimum O2SUMmin are
always updated.
[0082] The basic control of setting a target O2SUMref of the oxygen storage amount O2SUM from the foregoing
maximum O2SUMmax and minimum O2SUMmin will be described below. The control of calculating a correction factor
KAF used in control of fuel injection from this target O2SUMref will also be described below. The flowchart showing
this control is presented in Fig. 5.
[0083] It is first determined whether the intake air flow Ga detected by the air flow meter 13 is less than a preset
threshold G1 and whether the engine speed NE detected by the crank position sensor 14 is less than a preset threshold
N1 (step 300). When step 300 ends up with yes, it can be judged that the engine 1 is operating in a low load region in
the feedback control range of injected fuel quantity based on the oxygen storage amount O2SUM. In this case, the
target O2SUMref of the oxygen storage amount O2SUM is set to an average (O2SUMmax + O2SUMmin)/2 of the
maximum O2SUMmax and minimum O2SUMmin (step 310).
[0084] These arithmetic steps are carried out in the ECU 18. By setting the target O2SUMref in this way, an oxygen
occlusion margin and an oxygen release margin of the exhaust purifying catalyst 19 can be made approximately equal
to each other and the target is set in a state in which the catalyst is equally ready for both the oxygen occluding situation
and the oxygen releasing situation.
[0085] On the other hand, when step 300 ends up with no, it can be judged that the engine 1 is operating in a high
load region in the feedback control range of injected fuel quantity based on the oxygen storage amount O2SUM of the
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exhaust purifying catalyst 19. In this case, the target O2SUMref of the oxygen storage amount O2SUM is set to a value
closer to the minimum O2SUMmin from the foregoing average (O2SUMmax + O2SUMmin)/2 (step 320). In this exam-
ple, the target O2SUMref is calculated according to (O2SUMmax3 0.4 + O2SUMmin3 0.6). The following will describe
why the target O2SUMref is set to the value closer to the minimum O2SUMmin in the high load region in the feedback
control range.
[0086] While the engine 1 is operating in this high load region, the amount of NOx in the exhaust gas is larger than
during the operation in the low load region. For this reason, once the exhaust purifying catalyst 19 has occluded oxygen
fully to go into the state capable of occluding no more oxygen, it will be harder to reduce NOx by the exhaust purifying
catalyst 19, so that the catalyst will fail to purify NOx satisfactorily. For this reason, the oxygen occlusion margin of the
exhaust purifying catalyst 19 is set larger in a high load region in the feedback control range (i.e., the target O2SUMref
is set to the value closer to the minimum O2SUMmin), whereby the exhaust purifying catalyst 19 is prevented from
occluding oxygen fully to go into the state capable of occluding no more oxygen and whereby NOx are purified securely.
[0087] After the target O2SUMref is set in step 310 or in step 320, the next step is carried out to calculate a deviation
O2SUMer between the oxygen storage amount O2SUM and the target O2SUMref at that point (step 330). Then the
correction factor KAF used in the control of fuel injection is determined from a map stored in the ECU 18, based on
this deviation O2SUMer (step 340). By correcting the injected fuel quantity using this correction factor KAF, the oxygen
storage amount O2SUM of the exhaust purifying catalyst 19 is feedback-controlled toward the target O2SUMref.
[0088] The injection quantity of fuel actually injected by the injectors 5 (or open time of the injectors 5) TAU is deter-
mined according to the following equation in the ECU 18.

[0089] In this equation TAUP represents a basic fuel injection quantity determined from the intake air flow Ga and
the engine speed NE. The final fuel injection quantity TAU is determined by correcting this basic fuel injection quantity
TAUP, using the foregoing correction factor KAF concerning the feedback control of oxygen storage amount O2SUM
and other various correction factors α, β. An A/F feedback factor FAF is well known as an example of the foregoing
correction factors α, β.
[0090] The intake A/F into the engine 1 is regulated by controlling this fuel injection quantity TAU. The detailed
description of the factors α, β is omitted herein. By correcting the injected fuel quantity using the correction factor KAF
in this way, the oxygen storage amount O2SUM of the exhaust purifying catalyst 19 is feedback-controlled toward the
target O2SUMref.
[0091] In this example, since the history of oxygen storage amount O2SUM is updated with respect to the datum
point (O2SUM = 0) as the oxygen storage amount O2SUM at a certain point, the oxygen storage amount O2SUM can
be positive or negative relative to this datum point. When the oxygen storage amount O2SUM is updated on the positive
side and on the negative side and the target O2SUMref is set near the average of the maximum O2SUMmax and the
minimum O2SUMmin, this target O2SUMref may be set near the datum point (O2SUM = 0) and is kept from largely
varying, which is preferable in terms of control.
[0092] It is also feasible to perform determination of deterioration of the exhaust purifying catalyst 19, using the
foregoing maximum O2SUMmax and minimum O2SUMmin. The maximum oxygen storage amount (O2SUMmax-
O2SUMmin) of the exhaust purifying catalyst 19 will decrease because of the deterioration. And the maximum oxygen
storage amount (O2SUMmax-O2SUMmin) at a certain point increases as the temperature thereof becomes higher.
Therefore, a map is made as illustrated in Fig. 6, and the maximum oxygen storage amount (O2SUMmax-O2SUMmin)
under a certain temperature is calculated and plotted in Fig. 6. If it is plotted in the region of "normal," it can be determined
that the exhaust purifying catalyst 19 has not deteriorated yet. If it is plotted in the region of "deteriorated," it can be
determined that the maximum oxygen storage amount (O2SUMmax-O2SUMmin) is lowered and the catalyst has de-
teriorated.
[0093] The ECU 18 and upstream A/F sensor 25 function as the oxygen storage amount estimating means for esti-
mating the oxygen storage amount O2SUM and also function as the maximum oxygen storage amount estimating
means for estimating the maximum oxygen storage amount (O2SUMmax-O2SUMmin). The downstream A/F sensor
26 functions as the downstream exhaust A/F detecting means. Further, the ECU 18 also functions as the A/F target
setting means for setting the target of controlled A/F.
[0094] Now each of embodiments will be described below. The A/F control apparatus in either of the embodiments
described below is provided with the oxygen storage amount estimating means, downstream exhaust A/F detecting
means, maximum oxygen storage amount estimating means, and A/F target setting means. The oxygen storage
amount estimating means estimates the oxygen storage amount O2SUM of the exhaust purifying catalyst 19, based
on the history of oxygen A/D amount O2AD of the exhaust purifying catalyst 19 located on the exhaust path 7 of the
internal combustion engine 1. The downstream exhaust A/F detecting means is located downstream of the exhaust

TAU = TAUP 3 KAF 3 α + β
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purifying catalyst 19 and detects the exhaust A/F AF at the downstream position of the exhaust purifying catalyst 19.
The maximum oxygen storage amount estimating means estimates the maximum oxygen storage amount
(O2SUMmax-O2SUMmin), based on an oxygen storage amount estimate when the exhaust A/F AF detected is a
predetermined A/F. This basic part is common to all the embodiments below.
[0095] First described is an embodiment in which the oxygen storage amount estimating means estimates the oxygen
storage amount O2SUM, based on the quantity of fuel supplied into the cylinders 3, which is predicted by a fuel behavior
model taking account of the fuel attaching onto the internal surfaces of the exhaust path of the internal combustion
engine 1. In the present embodiment, the apparatus is further provided with the upstream exhaust A/F sensor 25 for
detecting the upstream exhaust A/F upstream of the exhaust purifying catalyst 19 and the oxygen storage amount
estimating means estimates the oxygen storage amount O2SUM in consideration of response delay of the upstream
A/F sensor 25.
[0096] In the present embodiment, the fuel quantity expected to actually contribute to combustion is predicted ac-
cording to a fuel behavior model and the oxygen storage amount O25UM is accurately estimated based thereon. In
addition thereto, the response delay of the upstream A/F sensor 25, which detects the upstream exhaust A/F upstream
of the exhaust purifying catalyst 19, is taken into account, whereby the oxygen storage amount is estimated more
accurately.
[0097] Referring to the graphs of Fig. 7 to Fig. 9, the outline of control by this control unit will be described below.
As shown in Fig. 7, the A/F in the cylinders 3 is predicted (as predicted A/F value (1)) from various parameters of the
engine 1. The air-fuel ratio (A/F) is a ratio of air to fuel. The volume of air can be detected as an intake air flow Ga by
the air flow meter 13 (there is another way to detect it from the intake-pipe vacuum). On the other hand, as to the fuel
quantity, all the fuel injected by the injectors 5 does not contribute to the combustion as it is, as described previously.
[0098] Thus the quantity of fuel actually contributing to combustion as supplied into the cylinders 3 (burnt fuel quantity)
is calculated from the quantity of fuel injected by the injectors 5, in consideration of the quantity of fuel attaching onto
the internal walls of the cylinders 3 and intake ports, the quantity of fuel peeling off among the fuel already attaching
on the internal walls of the cylinders 3 and intake ports, and so on. The predicted A/F value (1) is calculated from the
intake air flow Ga and the burnt fuel quantity. Here a model of behavior of fuel is made from the behavior of the fuel
attaching on the internal surfaces of the intake path 4 and the fuel peeling off from the internal surfaces of the intake
path 4 and will be called a fuel behavior model. As described above, the fuel quantity actually contributing to combustion
(burnt fuel quantity) can be predicted from such a fuel behavior model.
[0099] In the next place, as shown in Fig. 8, an output value expected to be outputted from the upstream A/F sensor
25 is predicted (as predicted output value (2)) from the predicted A/F value (1). The property of the upstream A/F
sensor 25 can be preliminarily grasped about how the sensor acts. Then the predicted output value (2) is a predicted
output as a detection result of the upstream A/F sensor 25 in consideration of the foregoing property of the upstream
A/F sensor 25 when it is predicted that combustion takes place at the predicted A/F value (1).
[0100] The property of the upstream A/F sensor 25 is, for example, a response delay property. As far as the upstream
A/F sensor 25 is a sensor, there is a limit to its response. This property produces an error in output of the sensor, but
this property can be preliminarily grasped as a property intrinsic to the sensor. By taking this error into account, it is
also feasible to obtain a value without the error from the actual sensor output.
[0101] In the present embodiment, however, the output value expected to be actually outputted from the sensor
(predicted output value (2)) is predicted from the predicted value without error (predicted A/F value (1)) in consideration
of the error specific to the sensor to the contrary. Here the detection error component (3) is obtained by calculating the
difference between the predicted A/F value (1) and the predicted output value (2), as shown in Fig. 9. Fig. 7 to Fig. 9
show the example where the predicted A/F value (1) is leaner than the predicted output value (2), but the predicted A/
F value (1) can also be richer than the predicted output value (2) in some cases. Namely, the detection error component
(3) can be either positive or negative.
[0102] On the other hand, as shown in Fig. 10, the upstream A/F sensor 25 also detects the exhaust A/F (4) of the
exhaust gas flowing into the exhaust purifying catalyst 19, in parallel to the foregoing calculation of predicted A/F value
(1), predicted output value (2), and detection error component (3). The exhaust A/F (4) detected includes the detection
error of the upstream A/F sensor 25. Then the detection error component (3) is added to this detected exhaust A/F (4)
as shown in Fig. 11, whereby a corrected A/F (5) can be obtained based on the correction by the error component.
Since the detection error component (3) can not be only positive but also be negative as described previously, there
are also actual cases wherein the detection error component (3) is subtracted from the exhaust A/F (4).
[0103] This corrected A/F (5) can be regarded as a true A/F based on the correction by the detection error component
of the upstream A/F sensor 25. When the A/F feedback control is carried out according to this corrected A/F (5), it is
feasible to further reduce the evolution of nitrogen oxides NOx, carbon monoxide CO, and hydrocarbons HC in the
exhaust gas. By purifying the nitrogen oxides NOx, carbon monoxide CO, and hydrocarbons HC in the exhaust gas
while making use of the foregoing oxygen occlusion function of the exhaust purifying catalyst 19, the oxygen storage
amount of the exhaust purifying catalyst 19 can be accurately calculated using this corrected A/F (5) and the nitrogen
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oxides NOx, carbon monoxide CO, and hydrocarbons HC in the exhaust gas can be purified more effectively.
[0104] The predicted A/F value (1) and the corrected A/F (5) can discord from each other. This is because the pre-
dicted A/F value (1) is the air-fuel ratio of the mixture in the cylinders 3 while the corrected A/F (5) is the air-fuel ratio
of the exhaust gas flowing into the exhaust purifying catalyst 19, because there is a detection error of intake air flow,
and so on. However, since the detection error component (3) is quantitatively obtained as the difference between the
predicted A/F value (1) and the predicted output value (2) and then is applied, the difference between the predicted A/
F value (1) and the corrected A/F (5) as described will pose no problem.
[0105] In the control described above, the detection error component (3) may be applied to the exhaust A/F (4) after
completion of the entire calculation throughout the range of the period a to b (see Fig. 9), but it may be applied to the
exhaust A/F (4) in order as calculated from the time a. Namely, in this latter case, the calculation process of the detection
error component (3) and the application process of the calculated detection error component (3) to the exhaust A/F
(4) are carried out in parallel in the period a to b.
[0106] The predicted A/F value (1), predicted output value (2), and detection error component (3) are predicted with
attention on the combustion in the cylinders 3, whereas the exhaust A/F (4) and corrected A/F (5) concern the exhaust
gas flowing into the exhaust purifying catalyst 19. For this reason, a time lag due to movement of the exhaust gas from
the cylinders 3 to the exhaust purifying catalyst 19 can be reflected between the predicted A/F value (1) and the cor-
rected A/F (5).
[0107] The above-stated control will be described below, based on the flowchart shown in Fig. 12.
[0108] The following provides meanings of respective symbols in the description below.

AFbe : predicted A/F value (1) (burnt A/F in the cylinders 3)
AFre : predicted output value (2) (predicted output value from the sensor, based on (1))
AFerr: detection error component (3) (predicted detection error value of the sensor)
AF : exhaust A/F (4) (output value of the sensor upstream of the catalyst)
AFr : corrected A/F (5) (corrected A/F upstream of the catalyst)
Etemp: engine temperature (temperature at the internal walls of the cylinders and ports)

[0109] First, the upstream A/F sensor 25 detects the A/F of the exhaust gas upstream of the exhaust purifying catalyst
19, i.e., the exhaust A/F (4) and it is temporarily saved, e.g., in the RAM in the ECU 18 [step 10]. Then the parameters
P, R are determined based on the foregoing fuel behavior model in order to calculate the burnt fuel quantity Fcr [step
20]. In the present embodiment the fuel behavior model is determined in consideration of the foregoing fuel attachment
and peeling-off of attaching fuel. The fuel behavior model for the prediction of burnt fuel quantity may further involve
the behavior of the fuel except for the attaching and peeling fuel.
[0110] The foregoing parameters P, R concern the attaching and peeling fuel and the parameter P indicates what
percentage of fuel remains attaching without being peeled off among the already attaching fuel. Namely, the parameter
P indicates the residual percentage of attaching fuel and (1 - P) indicates a rate of peeling fuel contributing to combustion
among the already attaching fuel. On the other hand, the parameter R indicates what percentage of fuel attaches onto
the internal walls of the cylinders 3 and intake ports among the fuel injected by the injectors 5. Namely, the parameter
R is the attachment percentage of injected fuel and (1 - R) represents a rate of fuel contributing to combustion without
attaching onto the internal walls of the cylinders 3 and intake ports.
[0111] These parameters P, R are determined from the engine temperature Etemp and the load factor KL. The engine
temperature Etemp is used as a temperature representing those at the internal walls of the cylinders 3 and intake ports.
The reason is that the fuel attachment amount and fuel peeling amount largely depend upon the temperatures at the
internal walls of the cylinders 3 and intake ports. The engine temperature Etemp is determined from the detection result
of the water temperature sensor 17 herein. The load factor KL is determined from the rate of intake air flow to maximum

KL load factor (%)
Fcr burnt fuel quantity
Fw attaching fuel quantity
P residual percentage of attaching fuel
Fi injected fuel quantity
R attachment percentage of injected fuel
Gn intake air volume (g/rev)
Ga intake air flow (g/sec)
Taf response time constant of the A/F sensor
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intake air flow. The ECU 18 has a map concerning these parameters P, R and determines the parameters P, R according
to the map, based on the detected engine temperature Etemp and load factor KL.
[0112] Then the ECU 18 calculates the burnt fuel quantity Fcr actually contributing to the combustion in the cylinders
3, using the parameters P, R thus calculated [step 30]. It is calculated using Equation [Fcr = (1 - P) • Fw + (1 - R)Fi].
Here the attaching fuel quantity Fw is obtained by integration using the prior injected fuel quantity Fi and parameter R
(attachment percentage). Since the ECU 18 controls the injectors 5, the ECU 18 itself keeps track of the injected fuel
quantity Fi.
[0113] Then the ECU 18 calculates the predicted A/F value AFbe (1) of the mixture burnt in the cylinders 3 from the
burnt fuel quantity Fcr calculated and the intake air flow detected by the air flow meter 13 [step 40]. The intake air flow
Gn used herein is the volume of air per combustion. The predicted A/F value AFbe is calculated using Equation [AFbe
= Gn/Fcr]. Through this step, the air-fuel ratio of the mixture actually burnt in the cylinders 3 is predicted as the predicted
A/F value AFbe (1).
[0114] Then the ECU 18 calculates the response time constant Taf of the upstream A/F sensor 25 [step 50]. This
response time constant Taf is determined from the intake air flow. The engine intake air flow is detected by the air flow
meter 13 and the intake air flow Ga used herein is the quantity of air per unit time (sec) (in units of g/sec). The ECU
18 has a map concerning the response time constant Taf and determines the response time constant Taf according to
the map, based on the intake air flow Ga detected.
[0115] Next, the ECU 18 calculates the predicted output value AFre (2) of the upstream A/F sensor 25, using the
above-stated response time constant Taf [step 60]. In the present embodiment the error property due to the response
delay is taken into account as the property of the upstream A/F sensor 25. For this reason, the response time constant
Taf is used to predict the output including the response delay in the detection of the predicted A/F value AFbe (1) by
the upstream A/F sensor 25. The predicted output value is calculated using Equation [AFre (current value) = AFre
(previous value) + {AFbe - AFre (current value)}/Taf].
[0116] Then the ECU calculates the detection error component AFerr (3) of the upstream A/F sensor 25 from the
foregoing, predicted A/F value AFbe (1) and predicted output value AFre (2) [step 70]. In the present embodiment,
since the detection error property due to the response delay is taken into account as the property of the upstream A/
F sensor 25 as described above, the detection error component AFerr (3) in the present embodiment can also be said
as a response delay component. The detection error component is calculated using Equation [AFerr = AFbe - AFre].
[0117] Then the ECU corrects the exhaust A/F (4) detected by the upstream A/F sensor 25, using the detection error
component AFerr (3), to calculate the corrected A/F AFr (5) [step 80]. The exhaust A/F (4) detected by the upstream
A/F sensor 25 includes the aforementioned error due to the response delay and this error component can be assumed
to be calculated as the detection error component AFerr (3). Thus the corrected A/F AFr (5) is calculated using Equation
[AFr = AF + AFerr] from the detection error component AFerr (3) and the exhaust A/F (4). This permits the air-fuel ratio
without the error associated with the exhaust gas flowing into the exhaust purifying catalyst 19 to be obtained as the
corrected A/F AFr (5).
[0118] Using the corrected A/F AFr (5) based on the correction by the error component, the control based on A/F
such as the A/F feedback control is effected on the engine 1, whereby nitrogen oxides NOx, carbon monoxide CO,
and hydrocarbons HC in the exhaust gas can be controlled well. Then the ECU determines the amount of oxygen
occluded or released (i.e., adsorbed or desorbed) into or out of the exhaust purifying catalyst 19, based on the corrected
A/F AFr (5) thus calculated, and this oxygen adsorption/desorption (A/D) amount is integrated (i.e., the history of oxygen
A/D amount is used), whereby the oxygen storage amount of oxygen occluded in the exhaust purifying catalyst 19 can
be grasped accurately [step 90]. This enables the oxygen occlusion function to be effectively utilized, thereby permitting
more effective purification of nitrogen oxides NOx, carbon monoxide CO, and hydrocarbons HC in the exhaust gas.
[0119] As described above, the more accurate A/F during combustion is predicted as the predicted A/F value AFbe
(1) herein and from this predicted A/F value AFbe (1) and the property of the upstream A/F sensor 25 (the property
such as the response delay), it is predicted as the predicted output value AFre (2) what output will be given from the
upstream A/F sensor 25 if combustion is actually done at the predicted A/F value AFbe (1). Further, the difference
between the predicted A/F value AFbe (1) and the predicted output value AFre (2) is obtained as the detection error
component AFerr (3) and this is added to the exhaust A/F (4) as the actual output of the upstream A/F sensor 25 to
calculate the corrected A/F AFr (5).
[0120] Through this operation, the air-fuel ratio of the exhaust gas flowing into the exhaust purifying catalyst 19 is
obtained more accurately as the corrected A/F AFr (5), whereby the control can be performed with better response.
Namely, the present embodiment permits the control to be performed with excellent response, different from the con-
figuration wherein the response delay is compensated for based on change in the output of the upstream A/F sensor 25.
[0121] In this embodiment the ECU 18 compares the predicted output value AFre (2) with the exhaust A/F (4), thereby
learning the property of the upstream A/F sensor 25. This property of the upstream A/F sensor 25 is used in calculation
of the predicted output value AFre (2) and needs to be preliminarily matched therewith. However, it finely changes with
a lapse of time. The property can also possibly change because of deposits temporarily attaching on the upstream A/
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F sensor 25. Then the aforementioned learning is conducted in order to maintain the matching with such change of
the property. This permits the property of the upstream A/F sensor 25 to always maintain accurate matching, whereby
the engine 1 can be controlled with accuracy.
[0122] In this embodiment the ECU further determines the deterioration of the upstream A/F sensor 25, using the
learned value obtained as a result of the learning about the property of the upstream A/F sensor 25. The learned value
about the property of the upstream A/F sensor 25 reflects the relation between the predicted output and the actual
output. When the upstream A/F sensor 25 deteriorates, a state of the deterioration is reflected in the learned value.
Namely, the state of deterioration of the upstream A/F sensor 25 can be determined from the learned value.
[0123] In the present embodiment the oxygen storage amount was estimated by use of the fuel behavior model and
the A/F sensors 25, 26 in order to take account of the response delay of the A/F sensors 25, 26 (especially, of the
upstream A/F sensor 25). The present embodiment, however, also involves a case in which the oxygen storage amount
is estimated without use of such means for actually detecting A/F. In this case, it is contemplated that the oxygen
storage amount is estimated from the exhaust A/F predicted based on the fuel behavior model. For example, the
exhaust A/F is predicted from only various state quantities such as the cooling water temperature, exhaust gas tem-
perature, intake air temperature, intake air flow, and injected fuel quantity, and the oxygen storage amount can be
estimated based thereon.
[0124] Described next is an embodiment in which the oxygen storage amount estimating means estimates the oxygen
storage amount, based on the passing gas flow rate of gas passing through the exhaust purifying catalyst. Another
embodiment wherein the oxygen storage amount estimating means estimates the oxygen storage amount, based on
the magnitude of A/F change of the internal combustion engine, will also be described along with the foregoing em-
bodiment.
[0125] In the present embodiment, the oxygen storage amount is estimated further more accurately by taking account
of the passing gas flow rate of gas passing through the exhaust purifying catalyst utilizing the oxygen occlusion capa-
bility. The oxygen storage amount is estimated further more accurately by taking account of the change range from
the stoichiometric air-fuel ratio.
[0126] When the exhaust gas flowing into the exhaust purifying catalyst 19 is lean, the exhaust purifying catalyst 19
occludes oxygen to reduce nitrogen oxides NOx in the exhaust gas, as described above. On the other hand, when the
exhaust gas flowing into the exhaust purifying catalyst 19 is rich, the exhaust purifying catalyst 19 releases oxygen to
oxidize carbon monoxide CO and hydrocarbons HC in the exhaust gas. These reactions take place during passage of
the exhaust gas through the exhaust purifying catalyst 19.
[0127] Here the passing speed becomes high at large passing gas flow rates of gas passing through the exhaust
purifying catalyst 19 and there is a possibility that the exhaust gas passes through the exhaust purifying catalyst 19
before oxygen in the exhaust gas is fully used in the purification reaction. There is also the reverse case wherein the
passing speed becomes high at large passing gas flow rates of gas passing through the exhaust purifying catalyst 19
and the exhaust gas yet unpurified passes through the exhaust purifying catalyst 19 though oxygen available for the
purification of exhaust gas still remains in the exhaust purifying catalyst 19 (e.g., oxygen occluded at corners of the
exhaust purifying catalyst 19 is harder to contribute to the purification reaction). These phenomena will be expressed
as "blow-by" hereinafter.
[0128] The purification reaction rate and purification efficiency in the state of exhaust gas close to the stoichiometric
air-fuel ratio are different from those in the sufficiently lean or rich state of exhaust gas. For this reason, there can also
occur situations wherein the exhaust gas passes through the exhaust purifying catalyst 19 before the complete end of
the reaction, depending upon the exhaust A/F, and wherein the catalyst fails to purify the exhaust gas well though the
gas can be satisfactorily purified at different exhaust A/Fs. This phenomenon will also be expressed hereinafter as
"blow-by."
[0129] With occurrence of blow-by, the oxygen A/D amount O2AD can possibly include an error and thus the oxygen
storage amount O2SUM cannot be estimated accurately. Therefore, consideration is given to the passing gas flow rate
Gb of gas passing through the exhaust purifying catalyst 19 and the A/F change range nAF on the occasion of calcu-
lating the oxygen storage amount O2SUM of oxygen occluded in the exhaust purifying catalyst 19 by use of the oxygen
A/D amount O2AD. Specifically, on the occasion of the calculation of the oxygen A/D amount O2AD, the passing gas
flow rate Gb in the exhaust purifying catalyst 19 is detected and a correction factor Kg according to this passing gas
flow rate Gb is found from a map in the ECU 18.
[0130] In the present embodiment the passing gas flow rate Gb is detected from the intake air flow Ga detected by
the air flow meter 13 and the aperture of the throttle valve 9 detected by the throttle position sensor 10. It can also be
contemplated that a flowmeter dedicated for the detection of the passing gas flow rate Gb is located upstream of the
exhaust purifying catalyst 19. The upstream A/F sensor 25 detects the exhaust A/F AF of exhaust gas flowing into the
exhaust purifying catalyst 19 and the A/F change range nAF (= AFst - AF) is determined from the difference between
the theoretical A/F AFst and the exhaust A/F AF. Then a correction factor Ka according to this A/F change range nAF
is found from a map in the ECU 18.
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[0131] A map showing the relation between the passing gas flow rate Gb and the correction factor Kg is presented
in Fig. 13. A map showing the relation between the A/F change rangenAF and the correction factor Ka is also presented
in Fig. 14. The oxygen A/D amount O2AD is corrected according to the following equation.

[0132] This correction is preferably carried out immediately after step 100 of the flowchart shown in Fig. 3. The
exhaust A/F AF for the calculation of the passing gas flow rate Gb and the A/F change range nAF is detected by
reading in a measurement from each sensor immediately before the correction.
[0133] By using the oxygen A/D amount O2AD thus corrected, it is feasible to estimate the more accurate oxygen
storage amount O2SUM. The oxygen A/D amount O2AD may be corrected more accurately with further consideration
to the temperature of the exhaust purifying catalyst 19, as shown in Fig. 13 and Fig. 14. This permits the oxygen storage
amount O2SUM to be estimated accurately, based on the accurate oxygen A/D amount O2AD. Since the oxygen
storage amount O2SUM is estimated accurately, this configuration further includes such an aspect that the maximum
oxygen storage amount (O2SUMmax-O2SUMmin) estimated therefrom becomes more accurate.
[0134] Next described is an embodiment in which the maximum oxygen storage amount estimating means further
corrects the maximum oxygen storage amount estimated, based on the passing gas flow rate of gas passing through
the exhaust purifying catalyst. Also described in connection therewith is an embodiment in which the maximum oxygen
storage amount estimating means further corrects the maximum oxygen storage amount estimated, based on the
magnitude of change of controlled A/F.
[0135] In the present embodiment, the maximum oxygen storage amount is estimated further more accurately by
giving consideration to the passing gas flow rate of gas passing through the exhaust purifying catalyst making use of
the oxygen storage capability. The maximum oxygen storage amount is also estimated further more accurately by
giving consideration to the change range from the stoichiometric air-fuel ratio.
[0136] The foregoing embodiment using the correction factors Ka, Kg concerned the estimation of the oxygen storage
amount O2SUM, whereas the present embodiment concerns the estimation of the maximum oxygen storage amount
(O2SUMmax-O2SUMmin). Since the velocity is high at large passing gas flow rates, the oxygen occluded, e.g., at the
corners of the exhaust purifying catalyst 19 is harder to contribute to the purification reaction of nitrogen oxides NOx,
carbon monoxide CO, and hydrocarbons HC (or is resistant to release), as described previously. Further, it is harder
for oxygen in the exhaust gas to be occluded at the corners and the like of the exhaust purifying catalyst 19, because
the velocity is high at large passing gas flow rates. Namely, the maximum oxygen storage amount (O2SUMmax-
O2SUMmin) of the exhaust purifying catalyst 19 can vary depending upon the passing gas amount.
[0137] Further, since the purification reaction rate and purification efficiency vary with variation in the exhaust A/F of
exhaust gas as described above, the maximum oxygen storage amount (O2SUMmax-O2SUMmin) of the exhaust
purifying catalyst 19 can be said to also vary depending upon the A/F change range of the engine 1. The present
embodiment is an embodiment in which the maximum oxygen storage amount (O2SUMmax-O2SUMmin) is obtained
more accurately by correcting and estimating the maximum oxygen storage amount (O2SUMmax-O2SUMmin) accord-
ing to the passing gas rate of exhaust gas and the A/F change range of the engine 1.
[0138] The embodiment using the correction factors Ka, Kg has such an aspect that the estimation accuracy of the
maximum oxygen storage amount (O2SUMmax-O2SUMmin) is raised as a result of the accurate estimation of the
oxygen storage amount O2SUM. In contrast with it, the present embodiment enhances the estimation accuracy by
directly correcting the maximum oxygen storage amount (O2SUMmax-O2SUMmin) according to the passing gas rate
of exhaust gas and the A/F change range of internal combustion engine. These can be performed simultaneously and
the simultaneous execution thereof can enhance the estimation accuracy more.
[0139] In the present embodiment the maximum oxygen storage amount (O2SUMmax-O2SUMmin) is corrected by
correcting either one or both of the maximum O2SUMmax and the minimum O2SUMmin of the oxygen storage amount
O2SUM. The correction is made using correction factors as in the case of the aforementioned embodiment using the
correction factors Ka, Kg. Then these correction factors are prepared separately for correction of the maximum
O2SUMmax and for correction of the minimum O2SUMmin and are stored in the ECU 18. The reason why the correction
factors are prepared separately for correction of the maximum O2SUMmax and for correction of the minimum
O2SUMmin is that more accurate correction is made by realizing different correction effects between the blow-by
phenomenon on the oxygen occlusion side and the blow-by phenomenon on the oxygen release side (e.g., the reaction
rate is made faster on the oxygen occlusion side).
[0140] Fig. 15A shows a map indicating the relation between the passing gas flow rate Gb and the correction factor
Kg(max) for correction of the maximum O2SUMmax, and Fig. 15B a map indicating the relation between the passing
gas flow rate Gb and the correction factor Kg(min) for correction of the minimum O2SUMmin. Fig. 16A shows a map
indicating the relation between the A/F change range nAF and the correction factor Ka(max) for correction of the
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maximum O2SUMmax and Fig. 16B a map indicating the relation between the A/F change range n AF and the cor-
rection factor Ka(min) for correction of the minimum O2SUMmin. Then either one or both of the maximum O2SUMmax
and the minimum O2SUMmin are corrected according to the following equations.

[0141] This correction can be preferably implemented immediately after step 210 or step 230 in the flowchart shown
in Fig. 4. The exhaust A/F AF for the calculation of the passing gas flow rate Gb and the A/F change range nAF is
detected by reading in a measurement from each sensor immediately before the correction. The more accurate max-
imum oxygen storage amount (O2SUMmax-O2SUMmin) can be estimated by use of the maximum O2SUMmax and
minimum O2SUMmin thus corrected.
[0142] Next described is an embodiment in which the oxygen storage amount estimating means estimates the oxygen
storage amount, based on the composition of the exhaust gas flowing into the exhaust purifying catalyst, which is
predicted according to a combustion model. Explained herein are an example in which the combustion model is modified
based on the fuel quality and an example in which the combustion model is modified according to an operational state
of the internal combustion engine.
[0143] In the present embodiment, the exhaust gas composition is predicted according to the combustion model of
the internal combustion engine and the oxygen storage amount O2SUM is estimated based on the exhaust gas com-
position thus predicted. In the foregoing example the oxygen storage amount O2SUM was estimated based on the
output of the upstream A/F sensor 25, whereas the oxygen storage amount O2SUM is estimated herein without actually
detecting the exhaust A/F. By estimating the oxygen storage amount O2SUM, based on the combustion model, without
depending upon the exhaust A/F as in this case, it is feasible to avoid the influence of error on the estimation of the
oxygen storage amount O2SUM from the difference in the sensitivity characteristics of the A/F sensors 25, 26, the
difference in the fuel quality, and so on.
[0144] It is, however, noted that the oxygen storage amount O2SUM can also be estimated more accurately when
the oxygen storage amount O2SUM estimated without use of the combustion model nor detection of the exhaust A/F,
is corrected using the output of the upstream A/F sensor 25 and the downstream A/F sensor 26. Alternatively, it can
also be contemplated that an HC sensor for detecting the hydrocarbons (HC) in the exhaust gas and an NOx sensor
for detecting the nitrogen oxides (NOx) are disposed upstream of the exhaust purifying catalyst 19 and the oxygen
storage amount O2SUM estimated without use of the combustion model nor detection of the exhaust A/F is corrected
using the output of those sensors.
[0145] Now let us describe below a technique of predicting the composition of the exhaust gas flowing into the exhaust
purifying catalyst 19, based on the combustion model, and predicting the oxygen storage amount O2SUM from it. First,
parameters of the combustion model are read in from the various sensors, control signals from the ECU 18, and so
on. These parameters are, specifically, the intake air flow Ga, the burnt fuel quantity, the ignition timing, the exhaust
A/F, EGR amount, intake turbulence intensity, the temperature of combustion chambers, the fuel quality, and so on.
The burnt fuel quantity herein is the quantity of fuel actually contributing to the combustion in the cylinders 3, which is
determined according to the foregoing fuel behavior model or the like. The exhaust A/F can be the actual exhaust A/
F detected by the A/F sensor 25, 26 or the like, or one estimated from the fuel behavior model. Further, if a swirl control
valve for controlling swirls in the cylinders 3 is provided, the intake turbulence intensity can be replaced by a controlled
variable of the swirl control valve, for example.
[0146] The exhaust gas composition is estimated from these parameters and amounts of substances contributing
to the oxidation-reduction reactions in the exhaust gas (i.e., affecting the oxygen storage amount O2SUM of the catalyst)
are estimated based thereon. Namely, in the exhaust purifying catalyst 19, the reactions from Formula (a) to Formula
(d) below take place to oxidize or reduce the substances in the exhaust gas, and amounts (moles m1 to m4) of the
substances contributing to the oxidation-reduction reactions are estimated from the composition of the exhaust gas.
In Formula (a), all the substances in the left side do not react, but only part of them react depending upon various
conditions. The reaction rate at this time is reflected as a reaction factor k1. Likewise, the reaction rate in Formula (b)
is reflected as a reaction factor k2, that in Formula (c) as a reaction factor k3, and that in Formula (d) as a reaction
factor k4.

O2SUMmax (corrected value) ← O2SUMmax

(calculated value) 3 Kg(max) 3 Ka(max)

O2SUMmin (corrected value) ← O2SUMmin

(calculated value) 3 Kg(min) 3 Ka(min)
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[0147] These reaction factors k1 to k4 are variably set according to the passing gas flow rate Gb, the exhaust gas
temperature, the operating conditions of the engine 1, the state of the exhaust purifying catalyst 19, and so on. Formula
(a) to Formula (c) represent the reactions to oxidize carbon monoxide, hydrogen, and hydrocarbons, using oxygen
occluded in the exhaust purifying catalyst 19. Formula (d) represents the reaction to reduce nitrogen oxides, and oxygen
evolved by the reduction is occluded in the exhaust purifying catalyst 19. Namely, the aforementioned oxygen A/D
amount O2AD can be determined according to Formula (e).
[0148] Since the exhaust gas composition is determined based on the combustion model, the oxygen storage amount
O2SUM of the exhaust purifying catalyst 19 can be estimated accurately corresponding to various operation conditions.
The estimation of the oxygen A/D amount O2AD described above can be preferably implemented instead of step 100
shown in Fig. 3. The oxygen storage amount O2SUM and the maximum oxygen storage amount (O2SUMmax-
O2SUMmin) are estimated based on this oxygen A/D amount O2AD. As described above, the exhaust gas composition
and the exhaust A/F can also be determined by use of the combustion model, without provision of the A/F sensors
(especially, without use of the upstream A/F sensor 25). However, since the combustion model can conceivably include
an error, it is preferable to modify the combustion model according to the fuel quality and/or the operational state of
the engine 1. It is also needless to mention that the aforementioned fuel behavior model can be used for the prediction
of the combustion model.
[0149] Next described is an embodiment in which the detection result of the downstream exhaust A/F detecting
means is corrected based on the composition of the exhaust gas flowing into the exhaust purifying catalyst. In the
present embodiment the exhaust gas composition is predicted according to the combustion model.
[0150] In the description of the foregoing embodiment of estimating the oxygen storage amount, based on the gas
composition predicted from the combustion model, we explained the correction of the combustion model by the output
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of the A/F sensor, for estimating the oxygen storage amount O2SUM. In contrast with it, the present embodiment is
arranged to correct the output of the A/F sensors (especially, the downstream A/F sensor 26), based on the exhaust
gas composition. The combustion model is also used herein for the prediction of the exhaust gas composition.
[0151] The A/F sensors 25, 26 detect the oxygen content in the exhaust gas, but can also sense components except
for oxygen because of the structure thereof. For this reason, there will occur situations in which the detection accuracy
of the oxygen content (A/F) is not satisfactory, depending upon the exhaust gas composition. Therefore, in order to
predict the oxygen storage amount O2SUM more accurately, the output of the A/F sensors 25, 26 is corrected according
to the exhaust gas composition. Another exhaust gas composition acquiring method except for the foregoing method
of determining the exhaust gas composition from the combustion model is, for example, a method of determining the
exhaust gas composition, based on output of the nitrogen oxide (NOx) sensor and the hydrocarbon (HC) sensor.
[0152] For example, ideal output of the A/F sensor for detecting the exhaust A/F on an on-off basis is one that
suddenly changes its output signal, depending upon whether the exhaust A/F is lean or rich with respect to the border
of the stoichiometric air-fuel ratio. However, there also exist the A/F sensors whose output is shifted from the ideal
state with a large amount of nitrogen oxides (NOx) or hydrogen (H2) in the exhaust gas, as shown in Fig. 17. For this
reason, the exhaust gas composition is predicted or detected and the output of the A/F sensor is corrected based
thereon. Since the combustion model was already described, the detailed description thereof is omitted herein. A
preferred configuration is such that the exhaust gas composition is also predicted or detected in parallel to reading of
the output of the A/F sensors 25, 26 and the correction is made immediately after the detection of the exhaust A/F by
the A/F sensors 25, 26. It is also a matter of course that the aforementioned fuel behavior model can be used for the
prediction of the combustion model.
[0153] Next described is an embodiment in which the A/F control apparatus is further provided with the abnormality
determining means. The abnormality determining means determines whether the oxygen storage amount estimated
is abnormal, based on the estimated oxygen storage amount and the detected downstream exhaust A/F. In the present
embodiment, when the abnormality determining means determines that the estimated oxygen storage amount is ab-
normal, it deletes the history of oxygen storage amount heretofore, initiates new estimation of oxygen storage amount,
and modifies the oxygen occlusion amount estimation model.
[0154] In the present embodiment, the abnormality determining means compares the output of the downstream A/
F sensor 26 with the calculated oxygen storage amount O2SUM to determine whether the estimated oxygen storage
amount O2SUM is abnormal (or whether the estimation model of oxygen storage amount O2SUM is abnormal). Here
the ECU 18 also functions as the abnormality determining means for making a judgment. When the oxygen storage
amount O2SUM is judged as abnormal, the oxygen storage amount O2SUM is corrected. Further, when the oxygen
storage amount O2SUM is judged as abnormal, the estimation model is assumed to be abnormal and thus is also
corrected.
[0155] The graph shown in Fig. 18 provides a map used in the abnormal determination described above. In the map
shown in Fig. 18, the abscissa represents the calculated oxygen storage amount O2SUM and the ordinate the output
of the downstream A/F sensor 26. Concerning the oxygen storage amount O2SUM on the map, the left part represents
its minimum side (the side where most oxygen is released: the side where the exhaust A/F is rich), while the right side
its maximum side (the side where the catalyst occludes oxygen almost fully: the side where the exhaust A/F is lean).
In contrast, the output of the downstream A/F sensor 26 on the map is lean in the lower part and rich in the upper part.
[0156] The map is divided into a plurality of regions. First described is a case in which the output of the downstream
A/F sensor 26 is near the stoichiometric air-fuel ratio (i.e., in the range Y in the map shown in Fig. 18). This range is
a range in which the output of the downstream A/F sensor 26 largely varies because of its output characteristics.
Namely, since there are also situations wherein the error is large in the output of the downstream A/F sensor 26 in this
range, the A/F control is carried out based on the calculated oxygen storage amount O2SUM.
[0157] In the region of zones L1 to L4 in the range Y, the calculated oxygen storage amount O2SUM indicates that
the exhaust A/F downstream of the exhaust purifying catalyst 19 is rich. In this case, for making the exhaust purifying
catalyst 19 occlude oxygen, the ECU executes such control (lean control) as to move the exhaust A/F downstream of
the exhaust purifying catalyst 19 toward the lean side. However, since the exhaust A/F downstream of the exhaust
purifying catalyst 19 is richer in the zone L4 than in the zone L1, stronger lean control is implemented in the zone L4
than in the zone L1. Namely, the region is zoned so as to increase the intensity of lean control from the zone L1 toward
the zone L4.
[0158] In the region of zones R1 to R4 in the range Y, the calculated oxygen storage amount O2SUM indicates that
the downstream exhaust A/F of the exhaust purifying catalyst 19 is lean. In this case, the ECU performs such control
(rich control) as to move the exhaust A/F downstream of the exhaust purifying catalyst 19 toward the rich side, in order
to release the oxygen occluded in the exhaust purifying catalyst 19. However, since the exhaust A/F downstream of
the exhaust purifying catalyst 19 is leaner in the zone R4 than in the zone R1, stronger rich control is implemented in
the zone R4 than in the zone R1. Namely, the region is zoned so as to increase the intensity of rich control from the
zone R1 toward the zone R4.
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[0159] In the region S1 where the calculated oxygen storage amount O2SUM and the output of the downstream A/
F sensor 26 indicate that the exhaust A/F downstream of the exhaust purifying catalyst 19 is near the stoichiometric
air-fuel ratio, the ECU performs such A/F control as to maintain the oxygen storage amount O2SUM, without performing
either the lean control or the rich control.
[0160] The zones L1 to L4 outside the foregoing range Y will be described next. In these zones, the calculated oxygen
storage amount O2SUM indicates that the exhaust A/F downstream of the exhaust purifying catalyst 19 is in the range
from the stoichiometric air-fuel ratio to rich ratios, while the output of the downstream A/F sensor 26 indicates that the
downstream exhaust A/F is rich. In this case, slightly higher regard is paid to the output of the downstream A/F sensor
26 and the aforementioned zone L1 to zone L4 (lean control zones) are set.
[0161] Similarly, the zones R1 to R4 outside the foregoing range Y will be described. In these zones, the calculated
oxygen storage amount O2SUM indicates that the exhaust A/F downstream of the exhaust purifying catalyst 19 is in
the range from the stoichiometric air-fuel ratio to lean ratios, while the output of the downstream A/F sensor 26 does
that the downstream exhaust A/F is lean. In this case, slightly higher regard is paid to the output of the downstream
A/F sensor 26 and the foregoing zone R1 to zone R4 (rich control zones) are set.
[0162] Finally, the cases shown in the region X1 and the region X2 will be described. In the region X1, the calculated
oxygen storage amount O2SUM indicates that the downstream exhaust A/F of the exhaust purifying catalyst 19 is lean,
while the output of the downstream A/F sensor 26 does that it is rich. In the region X2, the calculated oxygen storage
amount O2SUM indicates that the downstream exhaust A/F of the exhaust purifying catalyst 19 is rich, while the output
of the downstream A/F sensor 26 does that it is lean.
[0163] Namely, in the region X1 and in the region X2, the calculated oxygen storage amount O2SUM discords from
the output of the downstream A/F sensor 26. On such occasions, the oxygen storage amount O2SUM is judged as
abnormal. In this case, higher regard is paid to the output of the downstream A/F sensor 26 actually detecting the
exhaust A/F, and the oxygen storage amount O2SUM can be considered to fail to indicate an accurate value for some
reason. Therefore, the ECU once deletes the old estimation history of the oxygen storage amount O2SUM and initiates
new estimation of oxygen storage amount O2SUM. Alternatively, the existing history of the oxygen storage amount
O2SUM may be modified.
[0164] Further, the estimation model of oxygen storage amount O2SUM is modified at the same time as the start of
new estimation or the modification of the oxygen storage amount O2SUM. For modifying the estimation model, for
example, where the A/F change range nAF is used in the process of estimation of the oxygen storage amount O2SUM
as described above, it can be implemented by modifying the value of the stoichiometric air-fuel ratio AFst being the
reference in calculation of the A/F change range nAF.
[0165] Next described is an embodiment in which the A/F control apparatus is further provided with the abnormality
determining means for determining that the estimated maximum oxygen storage amount is abnormal, when the max-
imum oxygen storage amount estimated by the maximum oxygen storage amount estimating means is over a prede-
termined value.
[0166] As described previously, the purification efficiency of exhaust gas is increased herein by controlling the oxygen
storage amount O2SUM of the exhaust purifying catalyst 19 and making use of the maximum oxygen storage amount
(O2SUMmax-O2SUMmin), but it will become difficult to purify the exhaust gas if the estimated maximum oxygen storage
amount (O2SUMmax-O2SUMmin) is abnormal. Since the deterioration of the exhaust purifying catalyst 19 is also
detected by making use of the maximum oxygen storage amount (O2SUMmax-O2SUMmin), there is also the possibility
of failure in accurate deterioration detection if the estimated maximum oxygen storage amount (O2SUMmax-
O2SUMmin) is abnormal. The present embodiment is an embodiment in which when the estimated maximum oxygen
storage amount (O2SUMmax-O2SUMmin) is over a predetermined value, the estimated maximum oxygen storage
amount (O2SUMmax-O2SUMmin) is judged as abnormal.
[0167] The maximum oxygen storage amount (O2SUMmax-O2SUMmin) being abnormal means a state in which the
maximum oxygen storage amount (O2SUMmax-O2SUMmin) cannot be estimated accurately. The reasons of the max-
imum oxygen storage amount (O2SUMmax-O2SUMmin) being abnormal include a case wherein the estimation model
of the oxygen storage amount O2SUM as a basis of the estimation is abnormal, a case wherein the sensors for detecting
the various information contents used in the estimation of the oxygen storage amount O2SUM are out of order, and
so on. The foregoing predetermined value may be set in relation with other information contents, as described below.
[0168] Fig. 19 shows a map used in the determination to determine whether the maximum oxygen storage amount
(O2SUMmax-O2SUMmin) is abnormal (or whether the system is abnormal). This map is a two-dimensional map con-
sisting of the maximum oxygen storage amount (O2SUMmax-O2SUMmin) and the temperature of the exhaust purifying
catalyst 19. In the map the solid line indicates maximum values that the maximum oxygen storage amount (O2SUMmax-
O2SUMmin) takes at respective catalyst temperatures in the undeteriorated state of the exhaust purifying catalyst 19.
Namely, since the maximum oxygen storage amount cannot take values over these values, the range indicated by
hatching above this solid line is a region in which the maximum oxygen storage amount (O2SUMmax-O2SUMmin) is
judged as abnormal.
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[0169] The catalyst deterioration shown in the lower part of the map is that as described in Fig. 6 and the description
thereof is omitted herein. The determination about whether the maximum oxygen storage amount (O2SUMmax-
O2SUMmin) is abnormal can be performed upon the update of the maximum oxygen storage amount (O2SUMmax-
O2SUMmin) (i.e., upon the update of the maximum O2SUMmax or the minimum O2SUMmin), for example.
[0170] Next described is an embodiment in which the A/F control apparatus is further provided with the catalyst
deterioration detecting means for detecting the degree of deterioration of the exhaust purifying catalyst, based on a
slope of change of the exhaust A/F detected by the downstream exhaust A/F detecting means. In the present embod-
iment the degree of deterioration of the catalyst is detected based on the change slope of change in the output of the
downstream A/F sensor 26.
[0171] Fig. 20A shows the output of the downstream A/F sensor 26. Fig. 20B shows the exhaust A/F upstream of
the exhaust purifying catalyst 19, obtained from the output result of the upstream A/F sensor 25. It is noted here that
the lean-rich directions are opposite between Fig. 20A and Fig. 20B. The axes of abscissas in the graphs shown in
Fig. 20A and Fig. 20B represent the time and they correspond to each other in terms of time.
[0172] As shown in Fig. 20A, while the output of the downstream A/F sensor 26 is lean, the exhaust purifying catalyst
19 fully occludes oxygen and it is considered that oxygen flows to the downstream of the exhaust purifying catalyst
19. For this reason, the exhaust A/F of input gas into the exhaust purifying catalyst 19 is kept rich during this period
whereby the exhaust gas is purified by the oxygen occluded in the exhaust purifying catalyst 19.
[0173] Since the oxygen occluded in the exhaust purifying catalyst 19 is used up after a while, the output of the
downstream A/F sensor 26 turns from lean to rich. Since the oxygen occluded in the exhaust purifying catalyst 19 is
consumed completely, unburnt fuel in the input gas is considered to flow to the downstream of the exhaust purifying
catalyst 19 without being oxidized. In this case, the exhaust A/F of the input gas into the exhaust purifying catalyst 19
is changed into lean, in order to make the exhaust purifying catalyst 19 occlude oxygen.
[0174] After this, the exhaust purifying catalyst 19 comes to occlude oxygen and thus the output gas from the exhaust
purifying catalyst 19 contains no oxygen. Therefore, the output of the downstream A/F sensor 26 becomes rich. How-
ever, as the exhaust purifying catalyst 19 occludes oxygen, the amount of oxygen flowing to the downstream without
being occluded, gradually increases. As a result, as shown in Fig. 20A, the output of the downstream A/F sensor 26
gradually moves toward the lean side. Namely, the output of the downstream A/F sensor 26 has a change slope.
[0175] Still after this, at the point when the exhaust purifying catalyst 19 fully occludes oxygen, the downstream A/
F sensor 26 again turns to lean and, in response thereto, the exhaust A/F of the input gas into the exhaust purifying
catalyst 19 is again changed into rich. In this example, the degree of deterioration of the exhaust purifying catalyst 19
is detected using the foregoing change slope. As also seen from the above-stated description, this change slope reflects
the oxygen storage capability of the exhaust purifying catalyst 19. Since the deterioration of the exhaust purifying
catalyst 19 lowers the oxygen occlusion capability, it is reflected in the change slope and thus the degree of deterioration
of the exhaust purifying catalyst 19 can be detected from the change slope.
[0176] The foregoing change slope of output of the downstream A/F sensor 26 appears most prominent and stable
upon the start of occlusion from the state in which the exhaust purifying catalyst 19 occludes no oxygen. In the present
embodiment, therefore, the degree of deterioration of the exhaust purifying catalyst 19 is determined using the change
slope from immediately after the change of the output of the downstream A/F sensor 26 from lean to rich, to immediately
before the change from rich to lean.
[0177] First, the output (voltage V1) of the downstream A/F sensor 26 is detected immediately after the change of
output of the downstream A/F sensor 26 from lean to rich (at time T1). Further, the output (voltage V2) of the downstream
A/F sensor 26 is detected immediately before the change of output of the downstream A/F sensor 26 from rich to lean
(at time T2). These detection results are sent to the ECU 18 and the ECU 18 calculates the difference nV = (V1 - V2)
between them. The degree of deterioration of the exhaust purifying catalyst 19 is determined from this difference ∆V
and a map for detection of deterioration degree shown in Fig. 21, which is stored in the ECU 18. Namely, the ECU 18
also functions as the deterioration detecting means herein.
[0178] This configuration permits the deterioration degree of the exhaust purifying catalyst 19 to be detected during
the normal A/F control, without need for special control and device. It is also possible to raise the deterioration detection
accuracy of the exhaust purifying catalyst 19 by using the above detection method in combination with another catalyst
deterioration determining method. It is also possible to enhance the purification performance of exhaust gas further
more, by feeding the detected deterioration degree of the exhaust purifying catalyst 19 back to the A/F control.
[0179] Next described is an embodiment of preliminarily setting a blow-by occurrence oxygen storage amount at
which there occurs the blow-by phenomenon not utilizing the oxygen storage capability of the exhaust purifying catalyst
fully and calibrating the oxygen storage amount, based on the blow-by occurrence oxygen storage amount upon oc-
currence of the blow-by phenomenon.
[0180] As described above, depending upon the operational state of the engine 1 (e.g., operation at high intake air
flows Ga), the oxygen occlusion capability of the exhaust purifying catalyst 19 is not utilized fully and the blow-by
phenomenon takes place. In the present embodiment, with occurrence of the blow-by phenomenon, the estimated



EP 1 167 726 A2

5

10

15

20

25

30

35

40

45

50

55

19

oxygen storage amount is assumed to include an error and the oxygen storage amount is corrected based on the blow-
by occurrence oxygen storage amount.
[0181] The blow-by occurrence oxygen storage amount is preliminarily set as a predicted oxygen storage amount
where there occurs the blow-by phenomenon not utilizing the oxygen occlusion capability of the exhaust purifying
catalyst fully. The blow-by occurrence oxygen storage amount is preliminarily determined, for example, by experiment
in consideration of the operational state of the engine 1. The blow-by occurrence oxygen storage amount can be set
as a map or according to a reference value and a computational equation used in calculation based on the reference
value.
[0182] The following will describe an example in which the blow-by occurrence oxygen storage amount is set as a
map. This map is an example in which only the intake air flow Ga is taken into account as the operational state of the
engine 1. It is, however, noted that various information contents (catalyst temperature, catalyst deterioration degree,
passing gas flow rate, etc.) except for the intake air flow Ga can also be taken into account as the operational state of
the engine 1, of course.
[0183] Fig. 22 shows an example of the map defining the blow-by occurrence oxygen storage amount. This map is
stored in the ECU 18. With increase in the intake air flow Ga the velocity of the exhaust gas passing through the exhaust
purifying catalyst 19 becomes faster, and the exhaust gas flows to the downstream of the exhaust purifying catalyst
19 before completion of sufficient purification reaction of exhaust gas. For this reason, the blow-by region becomes
wider with increase in the intake air flow Ga, as shown in Fig. 22.
[0184] The blow-by region involves a lean blow-by region where oxygen flows to the downstream of the exhaust
purifying catalyst 19 though the exhaust purifying catalyst 19 still has its capacity available for occlusion of oxygen,
and a rich blow-by region where the unburnt fuel in the exhaust gas flows to the downstream of the exhaust purifying
catalyst 19 without being oxidized fully though the exhaust purifying catalyst 19 still has its capacity available for release
of oxygen. Then the lower border of the lean blow-by region is a lean-side blow-by occurrence oxygen storage amount,
and the upper border of the rich blow-by region a rich-side blow-by occurrence oxygen storage amount.
[0185] For example, let us consider a situation of such detection that the exhaust A/F downstream of the exhaust
purifying catalyst 19 turns lean at a certain point, from the output of the downstream A/F sensor 26. The intake air flow
Ga(Q1) at this time is detected and sent to the ECU 18. The ECU 18 determines the blow-by occurrence oxygen storage
amount (the lean blow-by occurrence oxygen storage amount in this case) P2 corresponding to this intake air flow Ga
(Q1). At this time, the position on the map corresponding to the calculated oxygen storage amount O2SUM was P1. In
this case, the calculated oxygen storage amount O2SUM is corrected to a value corresponding to P2 obtained from
the map.
[0186] In this embodiment, in addition to the correction of the calculated oxygen storage amount O2SUM, the esti-
mation model of oxygen storage amount O2SUM is also modified. Specifically, when the A/F change range nAF is
used in the process of estimation of the oxygen storage amount O2SUM as described above, it can be implemented
by correcting the value of the stoichiometric air-fuel ratio AFst being the reference in the calculation of the A/F change
range nAF.
[0187] In the case of the control in the description based on Fig. 2, the update of the oxygen storage amount O2SUM
was simply inhibited when the downstream A/F sensor 26 provided the rich or lean output (also including cases inde-
pendent of the blow-by phenomenon), but it is also feasible to increase the estimation accuracy of the oxygen storage
amount O2SUM, by also using the control of correcting the oxygen storage amount O2SUM in consideration of the
blow-by phenomenon, as described herein.
[0188] Next described is an embodiment in which the A/F control apparatus is further provided with the storage
amount target setting means for setting an oxygen storage target set based on an estimated maximum oxygen storage
estimate and in which the storage target setting means applies forced oscillation to the oxygen storage target.
[0189] For estimating the maximum oxygen storage amount (O2SUMmax-O2SUMmin), it is necessary to detect the
maximum O2SUMmax and the minimum O2SUMmin of the oxygen storage amount O2SUM. The present embodiment
is configured to apply the forced oscillation to the oxygen storage target O2SUMref and thereby detect the maximum
O2SUMmax and minimum O2SUMmin in the early stage, in order to obtain the maximum oxygen storage amount
(O2SUMmax-O2SUMmin) earlier. At this time, the amplitude of the forced oscillation given to the oxygen storage target
O2SUMref is set small, whereby the control system of the oxygen storage amount O2SUM is prevented from being
disturbed.
[0190] In this embodiment the oxygen storage amount O2SUM is fluctuated by giving the forced oscillation of small
amplitude to the oxygen storage target O2SUMref. By fluctuating the oxygen storage amount O2SUM, the exhaust A/
F of the input gas into the exhaust purifying catalyst 19 is controlled so as to become a little lean or a little rich. While
the exhaust A/F of the input gas into the exhaust purifying catalyst 19 is maintained in the state of being a little lean,
the exhaust purifying catalyst 19 continues occluding oxygen to detect the maximum O2SUMmax of the oxygen storage
amount O2SUM. After the detection of the maximum O2SUMmax, the exhaust A/F of the input gas into the exhaust
purifying catalyst 19 is maintained in the state of being a little rich this time, and the exhaust purifying catalyst 19
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continues releasing oxygen to detect the minimum O2SUMmin of the oxygen storage amount O2SUM.
[0191] By giving the forced oscillation to the oxygen storage target O2SUMref in this way, the maximum oxygen
storage amount (O2SUMmax-O2SUMmin) can be estimated earlier. Since the amplitude of oscillation on this occasion
is set small, the A/F of the engine 1 is prevented from being largely fluctuated, which can avoid induction of the blow-
by phenomenon and insufficient purification of exhaust gas. Even if disturbance occurs over the oxygen storage ca-
pability of the exhaust purifying catalyst 19, the failure in purification of exhaust gas can be minimized, because the
input gas into the exhaust purifying catalyst 19 is controlled at points near the stoichiometric air-fuel ratio. In this em-
bodiment the ECU 18 functions as the storage amount target setting means for setting the oxygen storage target
O2SUMref.
[0192] Next described is an embodiment in which the A/F target setting means sets a target so as to gradually
increase the amplitude of controlled A/F. Described along therewith is an embodiment in which the A/F target setting
means sets a target so as to gradually prolong the cycle (cyclic period) of controlled A/F.
[0193] In the above embodiment using the forced oscillation, the oscillation was given to the oxygen storage target
O2SUMref, so as to fluctuate the controlled A/F of the engine 1. In the present embodiment, the target of controlled
A/F is set to give oscillation to the controlled A/F so as to gradually increase the amplitude of controlled A/F. In another
embodiment described herein, the target of controlled A/F is set to give oscillation to the controlled A/F so as to gradually
prolong the cycle of controlled A/F.
[0194] By oscillating the controlled A/F, it is feasible to promote the detection of the maximum O2SUMmax of the
oxygen storage amount O2SUM with the exhaust A/F of exhaust gas on the lean side and the detection of the minimum
O2SUMmin with the exhaust A/F on the rich side. As a consequence, the maximum oxygen storage amount
(O2SUMmax-O2SUMmin) can be estimated earlier. At this time, the controlled A/F is oscillated so as to gradually
increase the amplitude thereof, thereby minimizing degradation of exhaust emission and degradation of drivability due
to the oscillation of controlled A/F.
[0195] During such control as to gradually increase the amplitude of controlled A/F, the storage amount increases
or decreases only within the range of oxygen storage capability of the exhaust purifying catalyst 19 in the small am-
plitude range and the maximum O2SUMmax and minimum O2SUMmin cannot be detected there in some cases. How-
ever, there occurs neither the degradation of exhaust emission nor the degradation of drivability in that range. As the
amplitude is gradually increased, the maximum O2SUMmax and minimum O2SUMmin are detected somewhere a little
over the oxygen occlusion capability of the exhaust purifying catalyst 19. Since the oscillation is kept from largely
exceeding the oxygen occlusion capability of the exhaust purifying catalyst 19, there occurs neither the degradation
of exhaust emission nor the degradation of drivability in this case, either.
[0196] Similarly, when the controlled A/F is oscillated so as to gradually prolong the cycle thereof, it is feasible to
minimize the degradation of exhaust emission and the degradation of drivability due to the oscillation of controlled A/
F. As the cycle of controlled A/F is controlled so as to become gradually longer, the storage amount increases or
decreases only within the range of oxygen occlusion capability of the exhaust purifying catalyst 19 in the short cyclic
period range, and the maximum O2SUMmax and minimum O2SUMmin cannot be detected there in certain cases.
However, there occurs neither the degradation of exhaust emission nor the degradation of drivability in that range. As
the cycle is gradually increased, the maximum O2SUMmax and minimum O2SUMmin are detected somewhere a little
over the oxygen occlusion capability of the exhaust purifying catalyst 19. Since the oscillation is kept from largely
exceeding the oxygen occlusion capability of the exhaust purifying catalyst 19, there occurs neither the degradation
of exhaust emission nor the degradation of drivability in this case, either.
[0197] Next described is an embodiment in which the A/F control apparatus is further provided with the storage
amount target setting means for setting the oxygen storage target and in which the storage amount target setting means
sets a plurality of targets between the minimum and maximum of oxygen storage amount and sets a control target by
switching among them.
[0198] In the description based on Fig. 2, only one target of oxygen storage amount O2SUM (oxygen storage target
O2SUMref) is set at a certain point. Then the oxygen storage amount O2SUM was controlled to converge toward this
single oxygen storage target O2SUMref. In the present embodiment, a plurality of targets of oxygen storage amount
O2SUM are set simultaneously and the control is executed while switching among these targets.
[0199] In the control described heretofore, the oxygen storage target O2SUMref was set near the center of the max-
imum oxygen storage amount (O2SUMmax-O2SUMmin) whereby the margins not exceeding the oxygen occlusion
capability were given both on the oxygen occlusion side and on the oxygen release side. With improvement in the
control of oxygen storage amount O2SUM, however, the margins of oxygen occlusion capability will not be used and
can be wastefully retained. About the oxygen occlusion capability of the exhaust purifying catalyst 19, the inventors
found the fact that the purification efficiency was increased by forcibly bringing about the purification reaction of exhaust
gas with slight fluctuation of oxygen storage amount, rather than maintaining the oxygen storage amount O2SUM at
a constant value.
[0200] In this embodiment, a plurality of targets of oxygen storage amount O2SUM are thus set between the maximum
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O2SUMmax and the minimum O2SUMmin and the control targets are used as periodically switched one from another,
thereby utilizing the oxygen occlusion capability of the exhaust purifying catalyst 19 more effectively. In the description
below, we will explain an example in which two targets of oxygen storage amount O2SUM are set. The targets set
herein are variable depending upon the operational state of the engine 1.
[0201] Fig. 23 shows the relation of the oxygen storage amount O2SUM and the control targets O2SUMref1,
O2SUMref2 with time during the aforementioned control. In this example, a pair of control targets O2SUMref1,
O2SUMref2 are set according to the operational state of the engine 1. The control targets O2SUMref1, O2SUMref2
are changed into other values at the time t when the operational state of the engine 1 (not only the state of the main
body of the engine 1, but also the state of the intake/exhaust systems) varies. Although in this example the pair of
control targets O2SUMref1, O2SUMref2 are changed simultaneously, they may be arranged to be changed separately
from each other.
[0202] In this example the control target O2SUMref1 is set on the large side of oxygen storage amount O2SUM,
while the control target O2SUMref2 is on the small side of oxygen storage amount O2SUM. For example, in a certain
operational state of the engine 1, the control target O2SUMref1 is set to about 80% of the maximum oxygen storage
amount (O2SUMmax-O2SUMmin) and the control target O2SUMref2 to about 20% of the maximum oxygen storage
amount (O2SUMmax-O2SUMmin). In another operational state, the control target O2SUMref1 is set to about 60% of
the maximum oxygen storage amount (O2SUMmax-O2SUMmin) and the control target O2SUMref2 to about 40% of
the maximum oxygen storage amount (O2SUMmax-O2SUMmin).
[0203] In the graph shown in Fig. 23, since the maximum O2SUMmax and minimum O2SUMmin of the oxygen
storage amount O2SUM are not updated, there is no change in the maximum oxygen storage amount (O2SUMmax-
O2SUMmin). However, when the control targets O2SUMref1, O2SUMref2 are set in the relation with the maximum
oxygen storage amount (O2SUMmax-O2SUMmin), if the maximum O2SUMmax or the minimum O2SUMmin is updated
the control targets O2SUMref1, O2SUMref2 can also be updated in some cases.
[0204] Then the actual target of oxygen storage amount O2SUM is switched alternately between the control targets
O2SUMref1, O2SUMref2. For example, during the period T1 to T2, the control target O2SUMref2 is set as the actual
target of oxygen storage amount O2SUM, so that the oxygen storage amount O2SUM is controlled so as to converge
toward the control target O2SUMref2. On the other hand, during the period T2 to T3, the control target O2SUMref1 is
set as the actual target of oxygen storage amount O2SUM, so that the oxygen storage amount O2SUM is controlled
so as to converge toward the control target O2SUMref1.
[0205] The setting method of the control targets O2SUMref1, O2SUMref2 is not limited to the above method. For
example, the control targets O2SUMref1, O2SUMref2 may be determined by the difference from the aforementioned
oxygen storage target O2SUMref. Further, the switching between the control targets O2SUMref1, O2SUMref2 does
not always have to be alternate, but selective switching between them may be employed, e.g., depending upon oper-
ational states of the engine 1. Furthermore, three or more control targets may be set.
[0206] Next described is an embodiment in which the A/F target setting means sets the target of controlled A/F in
the lean region immediately after cold starting or during the low-load operation of the internal combustion engine. Also
described along therewith is an embodiment in which the A/F target setting means sets the target of controlled A/F in
the rich region during the high-load operation of the internal combustion engine. Further, also described is an embod-
iment in which the A/F target setting means sets the target of controlled A/F in the rich region before execution of
cutting the fuel into the internal combustion engine or before stopping the internal combustion engine. These embod-
iments concern the setting of controlled A/F for fully utilizing the oxygen occlusion capability.
[0207] First described is the embodiment wherein the target of controlled A/F is set in the lean region immediately
after cold starting or during the low-load operation. Immediately after cold starting or during the low-load operation,
there is such a tendency that combustion is incomplete in the engine 1 to leave unburnt fuel in exhaust gas and bring
the exhaust A/F toward the rich side. For this reason, the oxygen occluded in the exhaust purifying catalyst 19 becomes
easier to be released and it grows concern about insufficiency of oxygen storage amount O2SUM. Therefore, the target
of controlled A/F is set in the lean region immediately before cold starting or during the low-load operation to bring the
exhaust A/F toward the lean side in advance, thereby preventing the oxygen storage amount O2SUM from becoming
small.
[0208] Next described is the embodiment in which the target of controlled A/F is set in the rich region during the high-
load operation. During the high-load operation, the combustion temperature in the engine 1 becomes high and there
is such a tendency that the exhaust gas contains a lot of nitrogen oxides (NOx). For this reason, the exhaust purifying
catalyst 19 occludes oxygen evolved after the reduction of nitrogen oxides (NOx) and the oxygen storage amount
O2SUM tends to become excess. This grows the concern about incapability of sufficient purification upon incoming of
exhaust gas at lean exhaust A/Fs. Therefore, the target of controlled A/F is set in the rich region during the high-load
operation to bring the exhaust A/F toward the rich side in advance, thereby preventing the oxygen storage amount
O2SUM from becoming excess.
[0209] A similar situation is a case of increasing the fuel. With increase in the fuel, the exhaust A/F of the exhaust
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gas flowing into the exhaust purifying catalyst 19 becomes rich to decrease the oxygen storage amount O2SUM of the
exhaust purifying catalyst 19. Therefore, if an operation period of setting the target of controlled A/F in the lean region
is provided before the increase of fuel, the oxygen storage amount O2SUM can be prevented from becoming insufficient
during the increase of fuel.
[0210] Next described is the embodiment in which the operation period of setting the target of controlled A/F in the
rich region before execution of fuel cutting or before the stop of engine 1. Since air alone without fuel flows into the
exhaust purifying catalyst 19 upon the execution of fuel cutting or upon the stop of engine 1 (or upon a restart after a
stop), the oxygen storage amount O2SUM tends to become excess. This grows the concern about incapability of
sufficient purification upon incoming of exhaust gas at lean exhaust A/Fs thereafter. Therefore, an operation period of
setting the target of controlled A/F in the rich region is provided before the execution of fuel cutting or before the stop
of the engine 1 to decrease the oxygen storage amount O2SUM of the exhaust purifying catalyst 19, thereby getting
ready for the occlusion of oxygen upon the execution of fuel cutting or upon the stop of the engine 1.
[0211] This operation period before the stop of the engine can be preferably provided, for example, as a period of
operating the engine 1 in the aforementioned state for a fixed time without stopping the engine at the same time as
ignition off. Since this period can be a period of approximately several revolutions to ten and several revolutions of the
engine 1, it will not cause the driver to feel uncomfortable. For controlling the A/F of the engine 1 by the variation of
the target of controlled A/F as described above, there are also situations wherein it is effective to vary the A/F by a rich
spike or lean spike, depending upon circumstances (e.g., immediately before execution of fuel increase). On that
occasion, the spike can be interposed so as to exceed the amount of oxygen that the exhaust purifying catalyst 19 can
occlude or release within a unit time.
[0212] Concerning these three embodiments, one of techniques for changing the target of controlled A/F is a method
of changing the oxygen storage target O2SUMref. The oxygen storage target O2SUMref is set on the occlusion side
in order to increase the current oxygen storage amount O2SUM, whereby the A/F target setting means sets the target
of controlled A/F on the lean side (the side where the exhaust gas is purified by occlusion of oxygen in the exhaust
gas). In contrast with it, the oxygen storage target O2SUMref is set on the release side in order to decrease the current
oxygen storage amount O2SUM, whereby the A/F target setting means sets the target of controlled A/F on the rich
side (the side where the exhaust gas is purified by release of occluded oxygen).
[0213] Next described is an embodiment in which the A/F target setting means sets a gain of A/F feedback, based
on the oxygen storage amount estimated by the oxygen storage amount estimating means or based on the maximum
oxygen storage amount estimated by the maximum oxygen storage amount estimating means.
[0214] In the present embodiment, the gain of A/F feedback is changed according to the estimated, oxygen storage
amount O2SUM or maximum oxygen storage amount (O2SUMmax-O2SUMmin). In this embodiment, how large mar-
gins remain relative to the maximum O2SUMmax and minimum O2SUMmin of oxygen storage amount O2SUM is
acquired from the foregoing oxygen storage amount O2SUM or maximum oxygen storage amount (O2SUMmax-
O2SUMmin) and the A/F feedback gain is varied according thereto. The A/F feedback gain is varied by changing a
controlled variable in the A/F feedback.
[0215] Depending upon operational states of the engine 1, in spite of some margin remaining in the oxygen occlusion
capability of the exhaust purifying catalyst 19, there can occur the blow-by phenomenon that the nitrogen oxides NOx,
carbon monoxide CO, and hydrocarbons HC flow to the downstream of the exhaust purifying catalyst 19, which was
already described. This blow-by phenomenon occurs easier as the oxygen storage amount O2SUM becomes closer
to the maximum O2SUMmax or the minimum O2SUMmin.
[0216] An example of control herein is one in which as the oxygen storage amount O2SUM becomes closer to the
maximum O2SUMmax or the minimum O2SUMmin, the A/F feedback gain is increased, so as to effect quick transfer
from the state of readily causing blow-by to the state of not causing blow-by readily. On the other hand, while the
oxygen storage amount O2SUM is approximately in the center between the maximum O2SUMmax and the minimum
O2SUMmin, the A/F feedback gain is set relatively small. This can prevent the control system of the A/F feedback from
being disturbed, and thus permits stabler control.
[0217] In another example, when the maximum oxygen storage amount (O2SUMmax-O2SUMmin) becomes small,
since blow-by occurs easier, the A/F feedback gain is increased to resist occurrence of blow-by. In still another example,
the A/F feedback gain is increased as the oxygen storage amount O2SUM becomes farther from the oxygen storage
amount target O2SUMref, so as to converge the oxygen storage amount O2SUM to the oxygen storage target
O2SUMref earlier. The oxygen storage target O2SUMref is obtained from the oxygen storage amount O2SUM or the
maximum oxygen storage amount (O2SUMmax-O2SUMmin).
[0218] The A/F feedback gain is set based on either one or both of the oxygen storage amount O2SUM and the
maximum oxygen storage amount (O2SUMmax-O2SUMmin). Alternatively, the A/F feedback gain may also be deter-
mined based on the maximum O2SUMmax and minimum O2SUMmin obtained from the oxygen storage amount
O2SUM or the maximum oxygen storage amount (O2SUMmax-O2SUMmin). Specifically, the A/F feedback gain can
be varied by changing a controlled variable in the A/F feedback control.
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[0219] Next described is an embodiment in which the A/F control apparatus is further provided with the catalyst
deterioration detecting means. This catalyst deterioration detecting means detects the deterioration of the exhaust
purifying catalyst, based on the output of the downstream exhaust A/F detecting means when the controlled A/F is
controlled so that the oxygen A/D amount becomes within a range of instantaneously occludable oxygen amount or
instantaneously releasable oxygen amount in a nondeteriorated state of the exhaust purifying catalyst.
[0220] The exhaust purifying catalyst 19 can occlude or release oxygen within the range of maximum oxygen storage
amount (O2SUMmax-O2SUMmin) because of its oxygen occlusion capability. However, the catalyst cannot instanta-
neously release all the oxygen occluded or instantaneously occlude oxygen to the full occlusion capacity. There is also
a limit to the amount of oxygen that the exhaust purifying catalyst 19 can instantaneously adsorb or desorb. Here we
will define the instantaneously occludable oxygen amount as an amount of oxygen that the exhaust purifying catalyst
19 can instantaneously occlude, and the instantaneously releasable oxygen amount as an amount of oxygen that the
catalyst can instantaneously release.
[0221] This instantaneously occludable oxygen amount or instantaneously releasable oxygen amount changes with
progress in deterioration of the exhaust purifying catalyst 19. In the present embodiment, the deterioration of the exhaust
purifying catalyst 19 is detected by making use of this instantaneously occludable oxygen amount or instantaneously
releasable oxygen amount, and the deterioration of the exhaust purifying catalyst 19 is detected based on the output
of the downstream A/F sensor 26 when the controlled A/F is controlled so that the oxygen A/D amount O2AD is in the
range of the instantaneously occludable oxygen amount or instantaneously releasable oxygen amount in the nonde-
teriorated state of the exhaust purifying catalyst 19.
[0222] Fig. 24A shows the relation between instantaneously occludable oxygen amount Cmax and oxygen storage
amount O2SUM. Fig. 24B shows the relation between instantaneously releasable oxygen amount Cmin and oxygen
storage amount O2SUM. The axis of abscissas in the graph shown in Fig. 24A represents the difference between the
oxygen storage amount O2SUM and its maximum O2SUMmax, which indicates the occlusion-side margin of the oxygen
occlusion capability of the exhaust purifying catalyst 19. The axis of abscissas in the graph shown in Fig. 24B represents
the difference between the oxygen storage amount O2SUM and its minimum O2SUMmin, which indicates the release-
side margin of the oxygen occlusion capability of the exhaust purifying catalyst 19.
[0223] In Fig. 24A and Fig. 24B, curves indicated by respective solid lines represent the instantaneously occludable
oxygen amount Cmax and the instantaneously releasable oxygen amount Cmin in the normal state of the exhaust
purifying catalyst 19. In Fig. 24A and Fig. 24B, curves indicated by respective dashed lines represent the instantane-
ously occludable oxygen amount Cmax and the instantaneously releasable oxygen amount Cmin in a state in which
the exhaust purifying catalyst 19 is judged as deteriorated.
[0224] As shown in Fig. 24A, the larger the margin of the current oxygen storage amount O2SUM to the maximum
O2SUMmax, the larger the instantaneously occludable oxygen amount Cmax becomes. Likewise, as shown in Fig.
24B, the larger the margin of the current oxygen storage amount O2SUM to the minimum O2SUMmin, the smaller the
instantaneously releasable oxygen amount Cmin becomes (because the oxygen release side is defined in the negative
domain herein).
[0225] For example, supposing current (O2SUMmax-O2SUMmin) is Y1, the controlled A/F of the engine 1 is con-
trolled to adjust the oxygen A/D amount O2AD toward C1 (also including the control of intake air flow associated with
the passing gas rate through the exhaust purifying catalyst 19). The A/F control at this time is lean control (which may
be one causing instantaneous A/F variation so called the lean spike). If the exhaust purifying catalyst 19 is normal, the
exhaust purifying catalyst 19 must be able to occlude all oxygen in the lean exhaust gas resulting from this A/F control.
[0226] However, if the exhaust purifying catalyst 19 becomes deteriorated, part of oxygen will not be occluded in the
exhaust purifying catalyst 19, so that the exhaust A/F downstream of the exhaust purifying catalyst 19 will become
lean and be so detected by the downstream A/F sensor 26. When the downstream A/F sensor 26 detects the lean A/
F during execution of such lean control as to control the oxygen A/D amount O2AD to within the range of the instan-
taneously occludable oxygen amount Cmax in the normal state (or nondeteriorated state) of the exhaust purifying
catalyst 19, the exhaust purifying catalyst 19 can be judged as deteriorated.
[0227] Similarly, supposing current (O2SUMmax-O2SUMmin) is Y2, the controlled A/F of the engine 1 is controlled
so as to control the oxygen A/D amount O2AD toward C2 (also including the control of intake air flow associated with
the passing gas rate through the exhaust purifying catalyst 19). The A/F control at this time is rich control (which may
be one causing instantaneous A/F variation so called the rich spike). If the exhaust purifying catalyst 19 is normal, the
exhaust purifying catalyst 19 must be able to release a sufficient amount of oxygen necessary for the purification of
the rich exhaust gas resulting from this A/F control.
[0228] However, if the exhaust purifying catalyst 19 becomes deteriorated, the oxygen release amount from the
exhaust purifying catalyst 19 will become insufficient and the exhaust A/F downstream of the exhaust purifying catalyst
19 will become rich and be so detected by the downstream A/F sensor 26. When the downstream A/F sensor 26 detects
the rich A/F during the execution of such rich control as to control the oxygen A/F amount O2AD to within the range
of the instantaneously releasable oxygen amount Cmin in the normal state (or nondeteriorated state) of the exhaust
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purifying catalyst 19, the exhaust purifying catalyst 19 can be judged as deteriorated.
[0229] Whether the lean spike control or the rich spike control is determined here according to the oxygen storage
amount O2SUM at that time. Specifically, comparison is made between the instantaneous-occlusion-side margin and
the instantaneous-release-side margin of the exhaust purifying catalyst 19 and the A/F is controlled toward the side
with a greater margin. Namely, the lean spike control is employed in the case of the margin larger on the instantaneous
occlusion side and the margin smaller on the instantaneous release side, and the rich spike control in the case of the
margin smaller on the instantaneous occlusion side and the margin larger on the instantaneous release side. Fig. 24A
and Fig. 24B also illustrate an example of such cases.
[0230] This permits more accurate and stabler deterioration detection, as also seen from the large difference between
the normal-state curves and the deteriorated-state curves in Fig. 24A and Fig. 24B. Since the deterioration detection
is one based on the instantaneously occluded or released oxygen amount, the A/F control for the deterioration detection
requires only a short period, so as not to induce the degradation of exhaust emission and the degradation of drivability.
Although the maps shown in Figs. 24A, 24B are two-dimensional maps, three or more-dimensional maps may also be
employed by adding other parameters such as the catalyst temperature and others to them.
[0231] The present invention is not limited to each of the embodiments described above. For example, the oxygen
storage amount estimating means estimated the oxygen storage amount O2SUM from the history of oxygen A/D
amount O2AD calculated from the A/F of engine 1 and the above-stated embodiments used the output of the upstream
A/F sensor 25 as the A/F for the calculation of oxygen A/D amount O2AD. It is, however, also possible to use the
controlled A/F of the engine 1 as the A/F for the calculation of oxygen A/D amount. As another example, it is also
possible to use the A/F obtained from the aforementioned fuel behavior model or combustion model.
[0232] The present invention effectively utilizes the oxygen occlusion capability of the exhaust purifying catalyst,
thereby permitting improvement in the performance of purifying the exhaust gas and improvement in the catalyst de-
terioration detecting performance using the oxygen occlusion capability.
[0233] From the invention thus described, it will be obvious that the embodiments of the invention may be varied in
many ways. Such variations are not to be regarded as a departure from the spirit and scope of the invention, and all
such modifications as would be obvious to one skilled in the art are intended for inclusion within the scope of the
following claims.
[0234] An air-fuel ratio control apparatus of an internal combustion engine according to the present invention is
provided with oxygen storage amount estimating means, downstream exhaust air-fuel ratio detecting means, maximum
oxygen storage amount estimating means, and air-fuel ratio target setting means. The oxygen storage amount esti-
mating means estimates an oxygen storage amount of an exhaust purifying catalyst, based on a history of an oxygen
adsorption/desorption amount of the exhaust purifying catalyst located on an exhaust path. The downstream exhaust
air-fuel ratio detecting means is located downstream of the exhaust purifying catalyst and detects an exhaust air-fuel
ratio downstream of the exhaust purifying catalyst. The maximum oxygen storage amount estimating means estimates
a maximum oxygen storage amount, based on an oxygen storage amount estimate when the exhaust air-fuel ratio
detected is a predetermined air-fuel ratio. This permits effective utilization of oxygen occlusion capability of the exhaust
purifying catalyst and improvement in exhaust purification performance.

Claims

1. An air-fuel ratio control apparatus of an internal combustion engine, comprising:

oxygen storage amount estimating means for estimating an oxygen storage amount of an exhaust purifying
catalyst located on an exhaust path of the internal combustion engine, based on a history of an oxygen ad-
sorption/desorption amount calculated from an air-fuel ratio of said internal combustion engine;
downstream exhaust air-fuel ratio detecting means located downstream of said exhaust purifying catalyst on
said exhaust path, for detecting an exhaust air-fuel ratio downstream of said exhaust purifying catalyst;
maximum oxygen storage amount estimating means for estimating a maximum oxygen storage amount, based
on an oxygen storage amount estimate estimated when the exhaust air-fuel ratio detected by said downstream
exhaust air-fuel ratio detecting means is a predetermined air-fuel ratio; and
air-fuel ratio target setting means for setting a target of a controlled air-fuel ratio, based on the maximum
oxygen storage amount estimate.

2. The air-fuel ratio control apparatus according to Claim 1, wherein said oxygen storage amount estimating means
estimates the oxygen storage amount, based on a quantity of fuel supplied into a cylinder, which is predicted
according to a fuel behavior model taking account of fuel attaching onto an internal surface of an intake path of
the internal combustion engine.
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3. The air-fuel ratio control apparatus according to Claim 2, further comprising an upstream air-fuel ratio sensor
located upstream of said exhaust purifying catalyst on said exhaust path, for detecting an exhaust air-fuel ratio
upstream of said exhaust purifying catalyst,

wherein said oxygen storage amount estimating means estimates the oxygen storage amount in consider-
ation of a response delay of said upstream air-fuel ratio sensor.

4. The air-fuel ratio control apparatus according to Claim 1, wherein said oxygen storage amount estimating means
estimates the oxygen storage amount, based on a passing gas flow rate of gas passing through said exhaust
purifying catalyst.

5. The air-fuel ratio control apparatus according to Claim 1, wherein said oxygen storage amount estimating means
estimates the oxygen storage amount, based on the magnitude of change of the air-fuel ratio of said internal
combustion engine.

6. The air-fuel ratio control apparatus according to Claim 1, wherein said maximum oxygen storage amount estimating
means further corrects the maximum oxygen storage amount estimated, based on a passing gas flow rate of gas
passing through said exhaust purifying catalyst.

7. The air-fuel ratio control apparatus according to Claim 1, wherein said maximum oxygen storage amount estimating
means further corrects the maximum oxygen storage amount estimated, based on the magnitude of change of the
air-fuel ratio.

8. The air-fuel ratio control apparatus according to Claim 1, wherein said oxygen storage amount estimating means
estimates the oxygen storage amount, based on composition of exhaust gas flowing into said exhaust purifying
catalyst, which is predicted according to a combustion model.

9. The air-fuel ratio control apparatus according to Claim 8, wherein said combustion model is modified based on
quality of fuel.

10. The air-fuel ratio control apparatus according to Claim 8, wherein said combustion model is modified according to
an operational state of said internal combustion engine.

11. The air-fuel ratio control apparatus according to Claim 1, wherein a result of detection by said downstream exhaust
air-fuel ratio detecting means is corrected based on composition of exhaust gas flowing into said exhaust purifying
catalyst.

12. The air-fuel ratio control apparatus according to Claim 11, wherein the composition of the exhaust gas is predicted
according to a combustion model.

13. The air-fuel ratio control apparatus according to Claim 1, further comprising abnormality determining means for
determining whether the oxygen storage amount estimated is abnormal, based on the oxygen storage amount
estimated and the downstream exhaust air-fuel ratio detected.

14. The air-fuel ratio control apparatus according to Claim 13, wherein when determining that the oxygen storage
amount estimated is abnormal, said abnormality determining means deletes the old history of the oxygen storage
amount and initiates new estimation of the oxygen storage amount.

15. The air-fuel ratio control apparatus according to Claim 14, wherein when determining that the oxygen storage
amount estimated is abnormal, said abnormality determining means modifies an oxygen occlusion amount esti-
mation model.

16. The air-fuel ratio control apparatus according to Claim 1, further comprising abnormality determining means for
determining that the maximum oxygen storage amount estimated is abnormal, when the maximum oxygen storage
amount estimated by said maximum oxygen storage amount estimating means exceeds a predetermined value.

17. The air-fuel ratio control apparatus according to Claim 1, further comprising catalyst deterioration detecting means
for detecting a degree of deterioration of said exhaust purifying catalyst, based on a change slope of the exhaust
air-fuel ratio detected by said downstream exhaust air-fuel ratio detecting means.
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18. The air-fuel ratio control apparatus according to Claim 1, wherein a blow-by occurrence oxygen storage amount,
at which a blow-by phenomenon not utilizing the oxygen occlusion capability of said exhaust purifying catalyst fully
occurs, is preliminarily set and the oxygen storage amount is calibrated based on said blow-by occurrence oxygen
storage amount upon occurrence of the blow-by phenomenon.

19. The air-fuel ratio control apparatus according to Claim 1, further comprising storage amount target setting means
for setting an oxygen storage amount target, based on the maximum oxygen storage estimate estimated,

wherein said storage amount target setting means applies forced oscillation to the oxygen storage amount
target.

20. The air-fuel ratio control apparatus according to Claim 1, wherein said air-fuel ratio target setting means sets the
target so as to gradually increase the amplitude of the controlled air-fuel ratio.

21. The air-fuel ratio control apparatus according to Claim 1, wherein said air-fuel ratio target setting means sets the
target so as to gradually prolong the cycle of the controlled air-fuel ratio.

22. The air-fuel ratio control apparatus according to Claim 1, further comprising storage amount target setting means
for setting an oxygen storage amount target,

wherein said storage amount target setting means sets a plurality of targets between a minimum and a
maximum of the oxygen storage amount and sets a control target by switching among the targets.

23. The air-fuel ratio control apparatus according to Claim 1, wherein said air-fuel ratio target setting means sets the
target of the controlled air-fuel ratio in a lean region immediately after cold starting or during low-load operation of
said internal combustion engine.

24. The air-fuel ratio control apparatus according to Claim 1, wherein said air-fuel ratio target setting means sets the
target of the controlled air-fuel ratio in a rich region during high-load operation of said internal combustion engine.

25. The air-fuel ratio control apparatus according to Claim 1, wherein said air-fuel ratio target setting means sets an
operation period of setting the target of the controlled air-fuel ratio in a rich region, before execution of cutting fuel
into said internal combustion engine or before a stop of said internal combustion engine.

26. The air-fuel ratio control apparatus according to Claim 1, wherein said air-fuel ratio target setting means sets a
gain of air-fuel ratio feedback control, based on the oxygen storage amount estimated by said oxygen storage
amount estimating means or based on the maximum oxygen storage amount estimated by said maximum oxygen
storage amount estimating means.

27. The air-fuel ratio control apparatus according to Claim 1, further comprising catalyst deterioration detecting means
for detecting deterioration of said exhaust purifying catalyst, based on output of said downstream exhaust air-fuel
ratio detecting means provided when the controlled air-fuel ratio, is controlled so that said oxygen adsorption/
desorption amount goes into a range of an instantaneously occludable oxygen amount or an instantaneously re-
leasable oxygen amount in a nondeteriorated state of the exhaust purifying catalyst.
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